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Naturally occurring or human induced changes in land surface vegetation have been rec-
ognized as one of the important factors influencing climate change.  Th  La Plata Basin 
in South America has experienced significant changes in structural land-cover/land-use 
types, and those changes can involve changes in the surface physical properties such as 
albedo and roughness length, evapotranspiration, infiltration, and water storage eventu-
ally affecting the development of precipitation and the hydroclimate of the basin.    
 
In this study, the Weather Research and Forecast (WRF) modeling system was employed 
to investigate the role of changing land surface conditions in the La Plata Basin.  For this 
purpose, ensembles of seasonal simulations were prepared for a control ase and two ex-
treme land cover scenarios: the first one assumes an expansion of the agricultural activi-
ties and the second one assumes a “natural” vegetation cover where no croplands are pre-
sent.   
 
 
An extreme anthropogenic land-cover change -simulating an extesive agricultural prac-
tice- implies that the northern part of the basin, where croplands replace forests and sa-
vannah, would experience an overall increase in albedo and reduced surface friction.  The 
two changes lead to a reduction of sensible heat and surface temperature, and a somewhat 
higher evapotranspiration due to decreased stomatal resistance and stronger near-surface 
winds.  The effect on sensible heat seems to dominate and leads to a reduction in convec-
tive instability.  The stronger low level winds due to reduced friction also imply a larger 
amount of moisture advected out of the basin, and thus resulting in reduced moisture flux 
convergence (MFC) within the basin.  The two effects, increased stability nd reduced 
MFC, result in a reduction of precipitation.  On the other hand, the southern part of the 
basin exhibits the opposite behavior, as crops would replace grasslands, resulting in re-
duced albedo, a slight increase of surface temperature and increased precipitation.  Nota-
bly, the results are not strictly local, as advective processes tend to modify the circulation 
and precipitation patterns downstream over the South Atlantic Ocean.  
 
A newly developed land surface classification, so-called Ecosystem Functional Types 
(EFTs, systems that share homogeneous energy and mass exchanges with the atmos-
phere), is implemented in the WRF model to explore its usefulness in regional climate 
simulations of surface and atmospheric variables.  Results show that use of the EFT data 
improves the climate simulation of 2-m temperature and precipitation, making EFTs a 
good alternative to land cover types in numerical climate models.  An additional advan-
tage of EFTs is that they can be calculated on a yearly basis, thus representing the inter-
annual variability of the surface states. During dry years the 2-m temperature and 10-m 
 
 
wind are more sensitive to changes in EFTs, while during wet years the sensitivity is lar-
ger for the 2-m water vapor mixing ratio, convective available potential energy, verti-
cally-integrated moisture fluxes and surface precipitation.  Thisindicates that the impact 
of land-cover and land-use changes on the climate of the LPB is dependent not only on 
the wetness of the year, but also on the meteorological or climate variables.  Comparisons 
with observations show that the simulated precipitation difference iduced by EFT 
changes resembles the overall pattern of observed precipitation changes for those same 
years over the LPB.  In the case of the 2-m temperature, the simulated changes due to 
EFT changes are similar to the observed changes in the eastern part a d the southern part 
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“Great are the works of the LORD; they are pondered by all who delight in them.” 
 
 
1 Corinthians 15:42-44 
 
“So will it be with the resurrection of the dead.   
The body that is sown is perishable, it is raised imperishable;  
it is sown in dishonor, it is raised in glory; 
it is sown in weakness, it is raised in power; 
it is sown a natural body, it is raised a spiritual body. 
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Chapter 1: Introduction 
 
Land-atmosphere feedbacks are highly dependent on the physical properties of the 
underlying land cover.  The reason is that properties like surface albedo, surface 
roughness, stomatal resistance, radiation stress, and others, affect the way in which 
water and energy are exchanged.  Changes in land cover and land use thus affect the 
exchange of momentum, heat, moisture, and other gaseous/aerosol materials between 
the land and the atmosphere.  The amount of water in the atmosphere and retur ing to 
the earth’s surface, in turn, influences many of the key properties of the land surface.  
Figure 1.1 presents diverse radiative forcing terms and their impacts on global mean 
radiation.  According to the figure, the albedo modification by land-use changes is 
known to have slightly negative impact on the global mean radiative flux. However, 
because global average masks regional signals, regional effects o  land-use changes 
can be positive and even much larger in magnitude.  This is one of the major reasons 
why we should study the impact of land-cover/land-use1 on a particular region.  
 
The impact of land-use land-cover changes (hereafter referred to as LULCCs) on local, 
regional and global climate has been studied for several land-type conversions on dif-
ferent regions and spatiotemporal scales (e.g. Pielke et al. 2007, Marland et al. 2003).  
The size and the geographic location of the area where land cover changes are occur-
ring may determine the extent to which the land cover disturbance affects local, re-
gional and global climate (Marland et al. 2003).  Smaller areas ( .g., of the order 10 
                              
1 The terms land-cover and land-use refer to “vegetation, structures, or features that cover the land” 
and “how land is used by human”, respectively (http://www.cara.psu.edu/land/landuseprimer.asp).  The 
present study focuses on the former, and uses a combined term “land-cover/land-use” or “land-
use/land-cover”.   
 
 2
km) of land cover change can result in changes in the local pattern and i te sity of 
precipitation.  In tropical regions, where large thunderstorms are frequent, modifica-
tion of land cover over areas that are of hundreds of kilometers may yield global im-
pacts (Pielke 2001, Werth and Avissar 2002).  Over Amazonia, Nobre et al. (1991) 
concluded that the effects of deforestation led to a reduction in evapotranspiration and 
the moisture flux convergence, and consequently on precipitation.  Deforestation im-
plies changes in the surface water and energy budgets, but also in the low level circu-
lation (e.g., through changes in the surface roughness) and in the moisture flux con-
vergence, all of which produce shifts in the areas of maximum precipitation rather 




Figure 1.1: Radiative forcing components and their known effects on global mean 
radiative fluxes (taken from IPCC 2007).  
 3
At higher latitudes, like over the U.S. during summer, historical land cover changes 
produce a strong cooling in the Midwest, and weaker warming towards the Atlantic 
region (Roy et al. 2003).  Weak reductions in precipitation associated with moisture 
transports are also found in the Midwest.  Stohlgren et al. (1998) presented evidence 
that land use changes in the plains of Colorado influence regional clim te and vegeta-
tion in adjacent natural areas in the Rocky Mountains, and that increasing irrigated 
agricultural lands at the expense of grassland and dry cropland may induce a strong 
cooling surpassing larger-scale temperature changes related with observed increases 
in greenhouse gases such as CO2.    
 
The above processes are most relevant for large regions of South America, and have 
been usually discussed for Amazonia, but not much for the La Plata Basin (LPB, see 
boundaries in Fig. 1.2).  As the second largest basin in South America, the LPB 
stretches from the subtropics (about 14°S) to middle latitudes (about 38°S).  As 
shown in Figs. 1.2 and 1.3, four subbasins and three large tributary rivers (the Paraná, 
the Paraguay, and the Uruguay Rivers) make up the whole LPB, each river supplying 
water resources to surrounding countries (see, e.g., Berbery and Barros 2002).  
 
The Paraná River has its head in the northeast of the LPB and flows southwestward 
finally arriving at the southern LPB boundary (Fig. 1.3).  The Paraguy River starts in 
the north of the LPB where the world’s largest tropical wetland (k own as Pantanal) 
is located.  It flows southward and joins the Paraná tributary at the southern boundary 
of the Paraguay subbasin.  The Uruguay River starts in the east of the LPB and flows 
along the boundary between Brazil and Argentina first, and then between Uruguay 
and Argentina, joining the Paraná tributary at the southern boundary of the LPB.  
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Only this last portion of the three tributary rivers themselves is called the “La Plata 
River” (whose Spanish name is “Río de la Plata” meaning “River of Silver”).  The La 
Plata River has an annual-mean discharge at its mouth near Buenos Aires larger than 
that of the Mississippi (Baethgen et al. 2001).  The installed hydropower generating 
capacity (mostly in the Paraná, a major subbasin) exceeds 20,000 MW, almost double 
that of the Columbia River basin, which by far has the largest hydropower production 















Precipitation and other land surface water cycle variables have und rgone very large 
decadal scale changes over the last century in much of the southern part of South 
America, and within La Plata Basin in particular.  These changes, which are well 
documented, have been as large as 30-40% on the annual means, as shown in Fig. 1.4 
(taken from Barros et al. 2000).  In comparison with long-term trends i  North 
American precipitation and streamflow, these changes are quite large (e.g. Climate 







          
 
 
Figure 1.4: (a) Mean annual precipitation in the Humid Pampa; (b) Changes i pre-
cipitation from 1950/1969 (black contour) to 1980/1999. Linear precipitation trends 











According to Berbery and Barros (2002), interannual and longer time variability of 
LPB’s streamflow reveals a high vulnerability of the region to variations in precipita-
tion.  Table 1.1 taken from Berbery and Barros (2002) shows that small changes in 
precipitation are amplified in the streamflow signal.  If we define the sensitivity of 
streamflow to basin-averaged precipitation changes as “regional climate elasticity of 
streamflow”, the elasticity was about two from the Table 1.1, indicating that for a 
given change in precipitation there was a doubling amplification in streamflow (per-
sonal communication, Berbery 2007).  Table 1.1 also shows that such a high sensitiv-
ity was almost unwavering whether analyzed over consecutive years (1998 vs. 1999), 
interannual scales (El Niño vs. La Niña), or decades (1951-70 vs.1980-99) (Berbery 
and Barros 2002).   
 
All these things show that the LPB is a subject of interest not only for physical rea-
sons but also for practical ones, and precipitation is a very important variable in the 
regional climate.  
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Table 1.1: Basin averaged rainfall rates and river discharge for the La Plata River cor-




Rainfall rate (m3 s-1) Streamflow (m3 s-1) Evap+Infilt (m3 s-1) 
1998 107000 36600 70400 
1999 81600 20440 61600 
Difference 23 % 44 % 13 % 
    
El Niño 76000 25250 50750 
La Niña 71000 21640 49360 
Difference 7 % 17 % 3 % 
    
1951-1970 72000 19300 52700 
1980-1999 83500 26000 56500 
Difference 16 % 35 % 9 % 
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Chapter 2: Scientific Questions, Hypotheses, and Objectives 
 
The La Plata Basin has experienced considerable land cover change over r cent dec-
ades.  Tucci and Clarke (1998) discussed the intensification of agricultu al production 
and an associated transition from coffee to soybeans and sugarcane in the Upper 
Paraná basin in Brazil.  They report decreases in forested area from 90% to 17% over 
the four decades from about 1950 to 1990, with the percentage of land use in annual 
crops increasing from near zero in the early 1960s to almost 60% by 1990.  Signifi-
cant deforestation has also occurred over the last few decades in both the Brazilian 
and Paraguayan portions of the Paraguay River basin (Baethgen et al. 2001).  The for-
ested area in eastern Paraguay decreased from 45% fifty years ago to 15% at the be-
ginning of the 1990s (Baethgen et al. 2001, citing Bozzano and Weik 1992).  More-
over, extensive changes in agricultural practices (Paruelo et al. 2005) may have also 
affected the surface atmosphere exchanges of energy and water. These large changes 
in land cover can be expected to have major implications for the surface (and perhaps 
atmospheric) hydrological cycles, and are a major focus of the resea ch agenda of the 
La Plata Basin (LPB) Regional Hydroclimate Project (Berbery et al. 2005).   
 
There are some regional numerical modeling studies regarding the possible connec-
tion between land cover change and hydroclimate in the LPB over longer time period 
than one month. For instance, Beltrán-Przekurat et al. (2010) showed that changes in 
near-surface fluxes and temperature depend on the type of land cover con sion and 
the season.  According to their investigation, the general potential effect o  agriculture 
was cooling when the shift was from grasses (photosynthesis pathway C3) to crops, 
while warming when the shift was from grasses (photosynthesis pathway C4), wooded 
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grasslands or trees to crops.  They found a general increase of pr cipitation for the 
entire simulation domain with an afforested scenario, and showed that areas of in-
crease and decrease of precipitation were associated with changes in latent heat, 
roughness length, and areas of moisture convergence.  On the other hand, using a hy-
drological model, Saurral et al. (2008) suggested that the positive trend observed in 
the Uruguay River streamflow during the second half of the past century should be 
attributed to increased precipitation, rather than to land cover change.  However, be-
cause Beltrán-Przekurat et al. (2010) used horizontally small LULCCs and Saurral et 
al. (2008) did not allow land-atmosphere coupling, the effects of LULCCs on regional 
climate are still not clear and need to be further investigated ov r southern South 
America.   
 
2.1 Scientific questions 
 
Following the premise that precipitation increased in the last thirty years by up to 30-
40% over La Plata Basin, perhaps the most important scientific issue associated with 
the climate and water cycle of La Plata Basin is how variations in precipitation are 
linked to land-cover and land-use changes.  Changes in precipitation can be the result 
of local feedbacks (e.g., land cover changes/vegetation changes, and relate changes 
in soil moisture) or a response to remote forcings (e.g., sea surfce temperature 
anomalies).  Therefore, the overarching scientific questions to be addressed by this 
research are:  
 
 Are there any regional climate responses to land-cover/land-use change 
over the La Plata Basin?  If so, what are the implied mechanisms? 
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 Are there any better ways to represent land-cover/land-use types and their 
changes in a regional model? 
 What is the importance of land-cover/land-use change effects as related to 




The overall goal can be addressed based on three basic hypotheses that are presented 
as possible explanations of the observed changes in precipitation and ne r-surface 
temperature.  
 
First, if land-cover/land-use has changed in such a manner as to alter the reflectivity 
and emissivity of the surface, then a modification of local surface energy balance and 
thermodynamic stability should be expected.  This hypothesis has another aspect: if 
changes in land cover took place that changed local surface roughness length, then 
changes in regional atmospheric circulation should be expected.  Thus, if local mois-
ture recycling is an important source of precipitable water, th n changes in precipita-
tion patterns could also be expected from the two aspects. 
     
Second, it is hypothesized that realistic specification of land surface characteristics i  
important in the numerical model performance, and inaccurate veg tation information 
can give rise to errors in a model simulation of the near-surface v riables, the atmos-
pheric boundary layer, and eventually the entire atmosphere.  
 
A null hypothesis is that there is no relationship between land-surface change and pre-
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cipitation over the La Plata Basin. 
 
2.3 Specific objectives 
 
The first objective of this study is to setup an efficient regional-modeling configura-
tion using the WRF modeling system so that it can be used for subsequent regional 
climate studies in South America.   
 
The second objective is to assess the potential impact of the land-cover changes 
within LPB on the springtime precipitation climate using idealized extreme land-
cover change scenarios.  The study aims at understanding the physical mechanisms by 
which local and regional land cover changes give rise to alterations in regional pre-
cipitation.   
 
The third objective is to implement a newly developed land cover classification data-
set that is called “Ecosystem Functional Types (EFTs)” in the WRF modeling system.  
The EFTs are patches of the land-surface with similar carbon gain dynamics and are 
based on “functional attributes” of vegetation describing its energy and matter ex-
change with the overlying atmosphere (Paruelo et al. 2001; Alcaraz-Segura et al. 
2009).  In this study, the new dataset is incorporated in the WRF modeling system for 
the first time, and is examined for its utility through comparison with the traditionally 
used land-cover/land-use dataset.  
 
The fourth objective is to explore the impact of varying EFTs on the regional climate 




Chapter 3 describes the model sensitivities to different physical par meterizations and 
seeks an optimal combination of them for realistic precipitation simulation.   
 
Chapter 4 presents the model configuration and evaluation of the model simulations 
for the period of spring 2002.  Chapter 4 discusses results of the model simulations in 
which idealized changes of regional land cover are assumed by modifying model land 
cover types.   
 
Chapter 5 introduces a new land cover classification (called EFT), implements it into 
the model and examines its usefulness.   
 
Chapter 6 shows the impact of historical EFT changes on the climate of the La Plata 
Basin.   
 
Chapter 7 summarizes the present study and presents major findings. 
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Chapter 3: Model Sensitivity Tests 
 
3.1 Introduction  
 
The Weather Research and Forecast (WRF) modeling system (Advanced Research 
WRF) is a non-hydrostatic and primitive-equation model with state-of- he-art physics 
options to parameterize subgrid-scale processes and multiple nesting capabilities to 
increase the resolution over an area of interest (Michalakes et al. 2001).  This model 
has been developed and widely used as a community numerical model, and has been 
applied in diverse related fields.  It is suitable for use in a bro d range of applications 
across scales ranging from meters to thousands of kilometers, and even a global ver-
sion of the WRF exists.  The WRF model is portable and efficient on available paral-
lel computing platforms, and in this chapter the WRF-ARW (version 2.2.1) was used 
for the numerical simulations.  
 
Since October 2003, the National Center for Atmospheric Research (NCAR) has sup-
ported an effort to develop regional climate modeling capability using the WRF 
model (see information online at www.wrfmodel.org/index.php) and the Community 
Climate System Model (CCSM) (information online at www.ccsm.ucar edu/models).  
The goal is to develop a next-generation community Regional Climate Model (RCM) 
that can address both downscaling and upscaling issues in climate modeling.  As part 
of the NCAR project, the WRF model has been adapted for simulating regional cli-
mate.  Seasonal simulations over the United States have shown realistic features, in-
cluding the low-level jet and diurnal cycle of rainfall in the central states (Leung et al. 
2005) and orographic precipitation in the West (Done et al. 2005).  A WRF Regional 
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Climate Modeling Working Group has been established to coordinate RCM research 




The model precipitation is very sensitive to model physical parameterizations.  Espe-
cially, land surface processes, PBL and cumulus schemes are known to be important 
in simulation of heavy rainfall events.  The best combination of model physical proc-
esses for a certain region is not necessarily the best for other regions.  Thus, as the 
first task, this section seeks an appropriate suite of parameterizations for model physi-
cal processes suitable for numerical simulations of the springtime precipitation over 
South America.  Diverse numerical experiments were conducted to find an optimal 
configuration of the model physical processes over the South America.  Table 3.1 pre-
sents the available options for the optimal model-physics configuration.  Our tests 
were done for surface layer schemes, atmospheric boundary layer schemes, cumulus 
parameterization schemes, and microphysical schemes.  For all simulations, the Noah 
land surface model (Chen and Dudhia 2001), the Dudhia shortwave radiation (Dudhia 
1989) and the RRTM longwave schemes (Mlawer et al. 1997) were used.  Only for 
EXP3, the NOAH LSM model was turned off.  
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Table 3.1: Numerical experiments on the model sensitivity to various physical 
parameterization schemes.  LSM: Land surface model; SL: Surface layer scheme; 
PBL: Atmospheric boundary layer scheme; CP: Cumulus parameterization scheme; 
MP: Microphysical scheme.  
Experiment  
name 
LSM SL PBL CP MP Remarks 
EXP1 NOAH MO YSU BMJ WSM3 NmYB3 
EXP2 NOAH MO YSU KF WSM3 NmYK3 
EXP5 NOAH MO YSU BMJ WSM6 NmYB6 
EXP6 NOAH MO YSU GD Ferrier NmYGF 
EXP3 Thermal  
diffusion 
MOJ MYJ KF Ferrier TMMKF 
EXP4 NOAH MOJ MYJ BMJ Ferrier NMMBF 
EXP7 NOAH MOJ MYJ GD Ferrier NMMGF 
EXP8 NOAH MOJ MYJ KF Ferrier NMMKF 
EXP9 NOAH MOJ MYJ BMJ WSM5 NMMB5 
EXP10 NOAH MOJ MYJ BMJ WSM6 NMMB6 
MO: Monin-Obukhov scheme (Dyer and Hicks 1970);  
MOJ: Monin-Obukhov-Janjic scheme (Janjic 1996, 2002);  
YSU: Yonsei University scheme (Hong et al. 2006);  
MYJ: Mellor-Yamada-Janjic scheme (Janjic 1990, 1996, 2002);  
BMJ: Betts-Miller-Janjic scheme (Janjic 1994, 2000);  
KF: Kain-Fritsch 2 scheme (Kain and Fritsch 1990; Kain and Fritsch 1993);  
GD: Grell-Devenyi scheme (Grell and Devenyi 2002);  
WSM3: WRF Single Moment 3-class scheme (Hong et al. 2004);  
WSM6: WRF Single Moment 6-class scheme (Hong and Lim 2006).  
 
 
For the experiments, the model is run with a single domain on a continental scale.  
Figure 3.1 presents the domains and a representation of the topography.  The Andes 
mountain range is located along the west coast and its average height is about 4 km.  
The Brazilian Highlands along the central east coast and the Guiana Highlands near 
the northern boundary are seen.  Relatively low lands are formed among the three 
high terrain features.   
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Figure 3.1: The WRF model domains and the La Plata Basin (red line).  Model t -
pography is shaded with contour intervals indicated at the bottom and horizontal reso-
lution is 36 km.   
 
 
All simulations are conducted from 0000 UTC 1 September 2002 to 0000 UTC 30 
September 2002, with NCEP/NCAR reanalysis data providing initial and boundary 
conditions.  Grid interval is 36 km with 27 vertical levels from the surface to 10 hPa.  
NCEP/NCAR Reanalysis data (Kalnay et al. 1996) are used for initial and 6-hourly 
boundary conditions.  A 180-s time step is used.  The USGS (United States Geologi-
cal Survey) terrestrial data sets of 5’ resolution were used to be similar to the resolu-
tion of the nested model domain.  Surface vegetation properties are prescribed follow-
ing 24 unique USGS land use categories with different surface albedo, emissivity, 
roughness length, stomatal resistance values assigned to each category.  Soil data are 
prescribed using 16-category USGS dataset and the layers are 0 – 10 cm, 10 – 40 cm, 
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40 – 100 cm, and 100 – 200 cm from the top down.  
 
To evaluate the model’s performance, independent measurements of precipitation 
were obtained in the form of satellites estimates.  TRMM (Tropical Rainfall Meas-
urement Mission) rainfall data, which have better spatial resolution than GPCP 
(Global Precipitation Climatology Project) and CMAP (CPC Merged Analysis of Pre-
cipitation) data were employed.  The higher resolution is more proper to verify the 
simulation results of the relatively high resolution model.  The RMM rainfall data 
has a higher spatio-temporal resolution of 0.25° x 0.25° than other satellite estimates 
of precipitation like Xie and Arkin (1997) data and GPROF4.0 dataset (Negri et al. 
1994), and in this study three-hourly TRMM products were used.  
 
3.3 An optimal combination of model physical parameterizations  
 
Figure 3.2 shows the monthly averaged precipitation field from TRMM data during 
September 2002.  It exhibits distinct heavy rainfall regions during the period.  Re-
gions of interest are identified and denoted by ‘R’ followed by a number. The LPB is 
the research interest area and is denoted by the red contour in the f gure.  R1, 2 and 3 
show very strong convective precipitation regions in ITCZ and the most severe rain-
fall in the model domain.  R4 shows rainfall in northwestern South America including 
Colombia.  R5 shows comparatively weak but widespread rainfall over the Amazon 
Basin in the central Brazil.  R7, rainfall in the LPB, is more int nse than in R4. R6, 8 
and 9 show precipitation over sea and R9 is most intense among them.  R6 is associ-
ated with the well-known South Atlantic Convergence Zone (SACZ), where cloud or 
precipitation is generated and elongated along a northwest-southeast oriented swath. 
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Figure 3.2: Monthly averaged TRMM precipitation (in mm day-1) field for September 
2002. The rectangle boxes indicate major rainfall areas and show their location and 
intensity features.  The red line shows La Plata Basin (LPB).  
 
 
Figure 3.3 presents the horizontal distribution and intensity of the monthly-mean 
model precipitation simulated by each experiment shown in Table 3.1.  It should be 
noted that R2 is outside the model domain (see e.g., Fig. 3.3c) and it doesnot appear 
in all the simulated precipitation fields.  Since the LPB is our major interest area, the 
simulation of rainfall in this area (R7) is especially important.  All experiments cap-
tured the precipitation signal in the R7, but the rainfall intensity i  weaker than the 
observed.  EXP3 among them showed the best performance for rainfall amount in 
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LPB, but it has no vegetation processes and no snow scheme.  It also uses fixed values 
for a deep-layer average temperature, snow cover and soil moisture, which is a land-
use- and season-dependent constant.  Thus, this simple 5-layer scheme is not appro-
priate in this study which requires explicit vegetation effects in the numerical model.  
EXP3 and 8 underestimated the rainfall amount in the region.  
 
From Fig. 3.3, on the whole, EXP4, 9 and 10 are thought to be good candidates 
among all the ten simulations.  The three experiments have the MYJ PBL and the 
BMJ cumulus scheme in common.  The MYJ scheme predicts turbulent kinetic e rgy, 
which is used to obtain eddy diffusivities in the convective boundary layer, while the 
YSU scheme uses prescribed eddy diffusivity profiles and counter-gradient terms in 
the situation of convective boundary mixing.  The WSM6 scheme was extended from 
the WSM5 scheme and considers an additional variable (graupel) and ice-phas  proc-
esses.  The WSM6 scheme predicts 6 microphysical variables, while the Ferrier 
scheme essentially predicts two variables, i.e., water vapor and total condensate.  The 
KF scheme produced lower precipitation than the BMJ, and this might be because the 
BMJ scheme has been skillfully optimized through tuning work over years at an op-







Figure 3.3: Model-simulated total precipitation (in mm day-1) using each experiment 





Figure 3.3: (Continued.) 
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In spite of overall better simulations than the others, EXP4 has a few relative short-
comings.  The first thing is overestimated precipitation in the northwestern SA.  Espe-
cially, it is noted that there is excessive and bull’s-eye-lik  rainfall in mountainous 
areas in Peru.  Excessive rain over the Andes Mountain range is a shortcoming that 
EXP1, 4 and 5 have in common.  The second is little precipitation in the north of the 
LPB, i.e., over central and eastern Brazil.  EXP9 and EXP10 ameliorat d the two 
problems of EXP4 mentioned above.  EXP9 and EXP10 reduced the overestimated 
precipitation in the western SA as well as the bull’s-eye-lik  rainfall in mountainous 
areas in Peru.  They produced more precipitation in the north of the LPB, where 
EXP4 underestimated the precipitation area.  The simulated ITCZ heavy rainfall 
bands are also better than EXP4.  EXP10 (and EXP9) increased precipitation in R1 
region and over sea in front of Suriname.  When it comes to R7, EXP4 is a little bit 
better than EXP9 and 10.  The precipitation area over the eastern ocean adjacent to the 
LPB became wider when EXP10 is used.  
 
Figure 3.4 shows the Hovmöller diagram for precipitation total for th se three ex-
periments.  All of them show similar patterns in the diagram, but the evaluation of 
precipitation west and east of 70°W shows different characteristics.  The west shows 
light rainfall by non-convective larger-scale processes, while t e east shows heavy 
rainfall by convective smaller-scale processes (not shown).  Also, many features in 
both sides show an eastward propagation of precipitation with time.  To the east of 
70°W, the eastward displacement of the precipitation features is related to the east-
ward movement of mid-latitude synoptic storms which include Mesoscale Convective 
Complexes (MCCs).  The light rain on the west side of 70°W seems to be induced by 
mid-latitude synoptic waves.  Some features at 70°W show considerable persistence 
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with time.  The persistent precipitation features at 70°W correspond to a forced lifting 
on the windward slope of the Andes Mountain ridges, and are overestimated by ex-







Figure 3.4: The Hovmöller diagram for September-2002 precipitation total (in mm 
day-1) averaged over 35°S to 25°S in EXP4, 9, and 10. 
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Figure 3.5 shows time series comparisons of the daily-precipitation for major precipi-
tation events during September 2002.  The precipitation was averaged over an area, 
57°W-51°W in longitude and 31.5°S-27°S in latitude.  Figure 3.5a shows two peaks in 
observed precipitation.  EXP3, 7 and 8 missed the first peak, but EXP9 and 10 was 
close to observed maximum at 1200 UTC 06 September.  EXP10 captured very 
closely the second peak of the observed precipitation.  Figure 3.5b shows five peaks 
in precipitation amount.  All experiments did not capture or highly underestimated the 
first two peaks.  EXP4, 5, 9 and 10 have good correspondence with the third peak, and 
EXP4 showed the best performance in this event.  Figure 3.5c shows a series of pre-
cipitation events with four peaks of precipitation amount larger than Figs. 3.5a,b.  
Model precipitation from all experiments was underestimated compared with the ob-
served precipitation especially between 19 and 20 September.  EXP 4, 9 and 10 cap-
tured reasonably the pattern of the four peaks, and EXP10 showed the best p rform-
ance in this event.   
 
Lastly, Fig. 3.6 shows the time series of accumulated precipitation veraged over the 
area (57°W-51°W, 31.5°S-27°S) where maximum precipitation occurred within the 
LPB.  The accumulated precipitation continues to increase through 20 September, and 
then has a flat portion (no rain) for about ten days.  It starts increasing again near the 
end of the month.  Compared to the TRMM observations, less accumulated precipita-
tion was produced in all the experiments.  Among them, EXP4, 9 and 10 have rel -
tively good agreements with observations and have similar behaviors to the flat por-
tion of the observed graph.  Especially, EXP10 has the biggest accumulated precipita-
tion, and also captures well the feature of increase in precipitation near the end of the 




Figure 3.5: Time-series of precipitation total (in mm day-1) averaged over an area, 
57°W-51°W in longitude and 31.5°S-27°S in latitude.  Gray lines with open circles 
denote TRMM observation. ‘Max ~ 200’ means precipitation with its maxi um being 




Figure 3.6: Accumulated precipitation averaged over the area (57°W-51°W, 31.5°S-
27°S) where maximum precipitation occurred within the LPB. 
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Considering all the features discussed above, we can conclude that the most appropri-
ate model physics configuration is EXP10, which is composed of the Dudhia short-
wave scheme (Dudhia 1989), the WRF Single Moment 6-class microphysics (Hong 
and Lim 2006), the Betts-Miller-Janjic cumulus scheme (Janjic 1994, 2000), the Mel-
lor-Yamada-Janjic boundary layer scheme (Janjic 1990, 1996, 2002), the Monin-
Obukhov-Janjic surface layer scheme (Janjic 1996, 2002), and the Noah land surf ce 
model (Chen and Dudhia 2001).  This configuration is a reasonable choice to best 
simulate the springtime precipitation in this region.  Thus, from now on, the model 
physical configuration of EXP10 will be used for all the numerical model simulations 
in the present study.  Table 3.2 summarizes the model dynamical configuration as well 
as physical configuration.  Additional information on the model sensitivity is provided 
in Appendix A from the viewpoint of a mixed physics ensemble.   
 
 
Table 3.2: The specification of the WRF modeling system with a suite of physical 
parameterization schemes recommended in this chapter. 
Grids Single domain (36 km for 692x470 gird points) 
Numerics Primitive equations based on the non- hydrostatic frame 
Vertical resolution 27 vertical levels with model top of 10 hPa 
Lateral boundary  
condition 
Time and inflow/outflow dependent relaxation 
Later boundary update 6-hour interval by NNRPs 
Time integration One month (180s interval)  
Horizontal diffusion Fourth order diffusion 
Precipitation physics WSM6 microphysics (Hong and Lim 2006) 
Deep convection BMJ cumulus scheme (Janjic 1994, 2000) 
PBL and surface layer MYJ PBL scheme (Janjic 1990, 1996, 2002)  and  
MOJ surface layer scheme (Janjic 1996, 2002)  
Land surface physics NOAH LSM (Chen and Dudhia 2001) 
Short wave radiation  Dudhia shortwave scheme (Dudhia 1989) 







In this chapter, model sensitivity tests were carried out to find the optimal physics 
configuration for the best precipitation simulation performance.  The recommended 
physics combination is composed of Dudhia shortwave scheme, WSM6 microphysics, 
BMJ cumulus scheme, MYJ PBL scheme, MOJ surface layer scheme, and NOAH 
LSM.    
 
Simulations of the 2002 austral spring season in South America using a mesoscale 
regional WRF model of 36 km single domain mode with the recommended physics 
suit was successful.  Monthly averaged precipitation distribution and intensity were 
satisfactory when compared to high-resolution satellite rainfall data (TRMM). 
 
In the dissertation, study time period is a normal spring season (September – Novem-
ber 2002) and thus the model sensitivity tests were conducted for the same period.  
Although EXP10 is not necessarily the best choice for other seasons or years, but still 
it could be a good candidate (or starting point) to try in case of other model domains 
and seasons too.   
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Chapter 4: Influence of Land-Cover and Land-Use Changes 
on the Climate of the La Plata Basin 
 
4.1 Introduction  
 
The research presented in this chapter is based on the analysis of model simulations 
performed with the Weather Research and Forecast (WRF) modeling system (Ad-
vanced Research WRF, version 2.2.1).  Sensitivity experiments were carri d out to 
determine how vegetation types over La Plata Basin may influence the surface and 
near-surface conditions, the boundary layer and the processes that control the regional 
climate during austral spring.  To this end, multiple three-month simulations from 1 
September 2002 to 30 November 2002 were performed.  The initial boundary condi-
tions and the 6-hour lateral boundary conditions were taken from the NCEP/NCAR 
Reanalysis data (Kalnay et al. 1996).  The model was run on a continental scale with  
two-way interaction nested grid over the La Plata Basin.  Model physical parameteri-
zations follow the recommended suit in Chapter 3 (Table 4.1).  
 
Figure 4.1 presents the two domains, which have a grid spacing of 36 km and 12 km 
respectively, and 27 vertical levels from the surface up to 10 hPa.  Also presented in 
the figure is the model topography, with the Andes Mountains along the west coast 
with an average height of about 4 km.  The Brazilian Highlands (with a height of 
about 1000-1500 m) along the central east coast of Brazil are also relevant for the 
climate of the La Plata Basin, and finally the Guiana Highlands (with heights also 
around 1500 m) are shown near the northern part of the continent.  Relatively low 
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lands are present among the three high terrain features, and particularly over large ex-
panses of the La Plata Basin.  
 
Table 4.1: The specification of the WRF modeling system used in Chapter 4. 
Grids Double nested domain 
(36km for 770x495 and 12km for 756x615 gird points) 
Numerics Primitive equations based on the non- hydrostatic frame 
Vertical resolution 27 vertical levels with model top of 10 hPa 
Later boundary condition Time and inflow/outflow dependent relaxation 
Lateral boundary update 36 km : 6-hour interval by NNRPs 
12 km : 6-hour interval by 36 km forecasts 
Time integration 3 months for both 36 km and 12 km meshes  
(180s intervals in the coarse grid) 
Horizontal diffusion Fourth order diffusion 
Precipitation physics WSM6 microphysics (Hong and Lim 2006) 
Deep convection BMJ cumulus scheme (Janjic 1994, 2000) 
PBL and surface layer MYJ PBL scheme (Janjic 1990, 1996, 2002)  and  
MOJ surface layer scheme (Janjic 1996, 2002)  
Land surface physics NOAH LSM (Chen and Dudhia 2001) 
Short wave radiation  Dudhia shortwave scheme (Dudhia 1989) 
Long wave radiation RRTM (Mlawer et al. 1997) 
 
 
Figure 4.1: The WRF model domain and the topography used in the study.  Mother 
and nested domains have a horizontal resolution of 36 km and 12 km, respectively. 
The contour of the La Plata Basin is also shown. The contour intervals for topography 
are indicated at the bottom in km unit. 
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It is a well known fact that in order to attain reliable results, multiple simulations are 
needed to produce a stable result.  Therefore several simulations for each type of ex-
periment were carried out following a lagged averaged technique (e.g., Hoffman and 
Kalnay 1983), in which each ensemble member simulation starts at lagged initial 
times (1 day apart).  In this chapter, three four-member ensembles are prepared for 
one control run and two experimental runs.  In order to evaluate the differences be-
tween two ensemble means, a test of significance was applied.  A two-tailed t-test sta-
tistic for the difference between ensembles was employed for significance at the 90% 
level (see Appendix B).  It is assumed that the ensemble members are independent on 
each other and not paired.  The null hypothesis is that there is no statistically signifi-
cant difference between two ensembles.  
 
4.2 Model evaluation 
 
The model’s performance was evaluated in terms of precipitation and 2-meter tem-
perature.  For the first one, a dataset of gridded observed precipitation produced by 
the Climate Prediction Center (Shi et al. 2000) was used.  This product consists of 
daily rain gauge observations interpolated to a 1° × 1° latitude-longitude grid covering 
South America.  The analysis was complemented with the Tropical Rainfall Meas-
urement Mission (TRMM) rainfall satellite data defined over a 0.25° × 0.25° regular 
grid (Huffman et al. 2007).  Differences between the two datasets should be expected 
and give a sense of the existing uncertainties in measuring precipitation over South 
America.  However, the analysis of both datasets is desired as certain areas do not 
have enough rain gauge density to give reliable values when interpolatd to a grid,  
while satellite products depend on calibrations with rain gauges to ensure a good qual-
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ity product.  
 
Figure 4.2 presents the September-November 2002 three-month averages for both es-
timates of observed precipitation and the ensemble control precipitation.  The two ob-
servational datasets (Figs. 4.2a,b) have a close resemblance over land with maxima 
over the northwestern part of the continent, including Colombia and western Amazo-
nia, over La Plata Basin and over southern Chile.  Differences in magnitude are no-
ticed over Colombia where precipitation estimated from the raingauges is weaker than 
that from TRMM.  One possible reason is that the raingauges included in the dataset 
may be sparse.  Over LPB, TRMM precipitation has somewhat higher values and 
slightly more structure than the raingauge-based product due to its higher resolution.  
 
Comparison of the control ensemble (Fig. 4.2c) with both observational estimates in-
dicates a remarkable resemblance in the pattern, with similar regions of maximum 
precipitation.  The springtime precipitation fields from the WRF simulations show 
that the model was able to capture the observed pattern and magnitude with r ason-
able success.  This is particularly so for the Intertropical Convergence Zone (ITCZ) 
over land and ocean (Figs. 4.2b,c) and southern Chile.  The precipitation center over 
La Plata Basin is reproduced as well, although with smaller magnitude in the simula-
tions.  The model has more difficulty to capture the South Atlantic Convergence Zone 
(SACZ) as it tends to put the precipitation further south and merged with another band 
at approximately 30-45° S.  Although partial over- or under-estimation of precipita-
tion magnitude is found, this is common to many other models as reported in the lit-
erature (e.g., Berbery and Collini 2000; Misra et al. 2002; Rojas and Seth 2003; Seth 
and Rojas 2003).   
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Figure 4.2: Three-month (SON 2002) averaged precipitation (mm day-1) from (a) 




Given the emphasis of this research on surface processes, there was also interest in 
assessing the performance of the model’s 2-m temperature, for which the dataset of 
the Climate Research Unit (CRU) of the University of East Anglia was employed 
(Brohan et al. 2006).  Stations measuring temperature are even sparser than those 
measuring precipitation, and this dataset may have unreliable valu s over large un-
gauged regions (like Amazonia) and mountainous areas, thus, the evaluation should 
not be more than qualitative.  Figure 4.3 shows the three-month (SON 2002) averaged 
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2-m temperature for CRU temperature, the model ensemble, and their ifference.  The 
overall patterns of observed and model temperatures are similar, with the model ex-
ceeding the observations by 1-4 °C over the central part of the continent and slightly 
colder than observations near the coastlines.  Most importantly, the differences are 
notably small within La Plata Basin, our research area.  The spatial distribution and 






Figure 4.3: Three-month (SON 2002) averaged 2-m temperature (°C) from (a) sur-
face observations (CRU), (b) the CNTL experiment, and (c) their difference.  The 
contour interval is 1 °C and the zero contour is suppressed in (c). 
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4.3 Design of experiments for land-cover/land-use change impact 
 
Land cover types are prescribed following 24 unique United States Geological Survey 
(USGS) categories each with different physical properties lik  surface albedo, rough-
ness length, emissivity and stomatal resistance, among others.  The USGS land cover 
distribution (presented in Fig. 4.4) is dominated by evergreen broadleaf for sts over 
the Amazon basin, barren types over mountainous regions and shrublands over Pata-
gonia.  In the center region, and covering much of La Plata Basin, there is a mix of 
forests, croplands, and grasslands, and this region (“The Pampas”) is mong the most 
fertile regions in the Americas. 
 
Three sets of simulations for the period from September to November 2002 were per-
formed.  The first set consists of the ensemble discussed in the previous section, and it 
will be identified in the text as CNTL.  The control runs employed the actual USGS 
vegetation types that represent a current land cover pattern (Fig. 4.4) with cropland as 
well as natural vegetation (savanna, evergreen broadleaf forest and gr sslands in the 
upper, middle, and lower parts of LPB, respectively).   
 
Two other sets of idealized simulations were prepared in order to assess the impact of 
land cover change on the regional climate of LPB: one that assume  an extreme in-
crease in croplands (this set will be called CROP), while the o r assumes an arbi-
trary natural vegetation map without croplands (this set will be call d NATR).  The 
purpose of defining these two scenarios is to assess th  ranges of variability that could 
be expected due to land cover changes.  For the CROP experiments, th  three natural 
vegetation types within La Plata Basin (savanna, evergreen broadleaf forest and grass-
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lands) were replaced by dry croplands (rain fed agriculture).  For NATR experiments, 
current croplands were replaced by natural vegetation, as if there had not been an an-
thropogenic land cover effect.  In both cases, all changes were restricted within the 
basin, and are linked with changes in surface albedo, roughness length, missivity, 
stomatal resistance, and rooting depth.  In the Noah land surface mod l of the WRF 
system version 2.2.1, leaf area indices are fixed as 4.0 for all types of vegetation.  Ta-
ble 4.2 describes the specific values of major surface physical par meters used in the 
experiments.  It is well known that land cover changes have been ext sive over the 
Amazon basin and other nearby areas that may also affect the climate of LPB, but 
these other factors are not part of our current study.  
 
Figure 4.5 presents the LPB regions affected by the modified land cover types along 
with the corresponding changes in some of the physical properties.  In the places 
where the changes have been from savanna to cropland (Region I) thereis a d crease 
of the surface roughness (Fig. 4.5c and Table 4.2) and practically no cha ge in the al-
bedo (Fig. 4.5b and Table 4.2). The larger changes occur over the region where ever-
green broadleaf forest is replaced by cropland (Region II); here, in addition to the re-
duced surface roughness there is also a noticeable increase in alb do.  The area with 
changes from grassland to cropland (Region III) reveals a decreased albedo and a 
small reduction in surface roughness.  Region I and III do not have any changes in 
surface emissivity, while over Region II the surface emissivity s decreased from 95% 
to 92% (Fig. 4.5d and Table 4.2).  In all three areas the low level wind is expected to 







Figure 4.4: Land use/land cover maps used for the control experiments (CNTL) for 
(a) the mother domain of 36-km grid spacing, and (b) for the nested domain with a 
grid spacing of 12-km. The land cover types are defined on the rigt.  (c) and (d) are 





Table 4.2: Values of major surface physical parameters used in the numerical model.  













Savanna 20 15 70 92 
Evergreen broadleaf  
forest 
12 50 150 95 
Grassland 23 10 40 92 
Dry cropland  
and pasture 




Figure 4.5: (a) The changes in land cover/land use when replacing Savanna (I), rain-
forest (II: evergreen broadleaf forest), and grasslands (III) to dry cropland over LPB.  
Changes in (b) albedo (%), (c) roughness length (cm), and (d) emissivity (%) over 




4.4 Analysis of the CROP experiment 
 
In order to examine the changes to the mechanisms that may affect the regional cli-
mate, in this section we will look at the surface fluxes, the convective instability, the 
low level winds, and the moisture transports into the region. 
 
4.4.1 The diurnal cycle of the surface energy balance  
The local effects are first investigated by examining the simulated mean diurnal cycle 
of the surface energy budget for the three regions where natural vegetation was re-
placed by crops.  According to Fig. 4.6a, over the region covered by savanna (Region 
I) the surface energy budget is dominated by the sensible heat flux that compensates 
about two thirds of the net radiation, with latent heat flux and ground heat flux ac-
counting for the remainder.  The figure also suggests that the ground heat flux is rela-
tively large compared with the other regions, and even of a magnitude close to that of 
the latent heat.  Changes from savanna to cropland have a very small impact in the 
local surface energy balance, with a slight increase in sensibl heat flux and a slight 
decrease of latent heat flux, the two in the range of ± 10 W m-2 during daytime (Fig. 
4.6b).  Changes in net radiation due to the land cover change are almost negligible.   
 
The LPB region covered by evergreen broadleaf forest (Region II) shows a very dif-
ferent energy balance (Fig. 4.6c).  While the maximum net radiation is similar to that 
over savanna, now the balance is achieved with a significant contribution of the latent 
heat flux and a smaller contribution of the ground heat flux.  When the land cover is 
changed to cropland, the effect on the energy balance becomes noticeable (Fig. 4.6d), 
with a reduction of the net radiation and of the sensible heat flux (about -50 to -60 W 
 41
m-2 during daytime).  On the other hand, the latent heat flux becomes larger, meaning 
an increase of evapotranspiration due to a decreased stomatal resistance (Table 4.2 
and Chen and Dudhia 2001) and enhanced near-surface winds (Ek et al. 2003, Ray-
mond et al. 2004, Back and Bretherton 2005).  Chen and Dudhia (2001) showed that 
the canopy evapotranspiration is enhanced when stomatal resistance is de reased, and 
Raymond et al. (2004) suggested the so-called atmospheric wind speed-evaporation 
feedback where in a region and period of increased mean surface winds, precipitation 
is enhanced because of increased surface latent heat fluxes.  In addition, the 
evapotranspiration depends on temperature, and the reduction of sensible heat fluxes 
indicates a reduction of temperature (Chen and Dudhia 2001, Ek et al. 2003)  There-
fore, the increase of latent heat fluxes is possible from decreased temperature, and 
more possibly through a combined effect of all these relationships.  
 
The region covered with grassland (Region III) has smaller net radiation than the 
other two regions during daytime (Fig. 4.6e).  The ratio latent-to-sensible heat flux 
also becomes larger, more than doubling the magnitude of the first one with respect to 
the second one.  In other words, the relative contribution of the latent heat flux be-
comes more relevant than in the other regions at the expense of the sensible heat flux.  
The ground heat flux remains relatively small and is not a major f ctor in the energy 
balance.  The changes to cropland result in an increase of the net radiation that is 
equally balanced by the sensible and latent heat fluxes (Fig. 4.6f)  In this case the 
changes in ground heat flux are nearly zero.   
 
Region II exhibits an increase in net radiation at night (Fig. 4.6d) an  this is related 
with a surface emissivity decrease over that region.   Net radiation is not necessarily 
proportional to albedo change because it is dependent not only on incoming and out-
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going shortwave radiation, but also on downward and upward long wave radiation, 
which relies on surface emissivity.  Table 4.2 shows that evergre n broadleaf forest 
has surface emissivity of 95%, while the other three types of vegetation have surface 
emissivity of 92%.  Thus, the Region II changing from evergreen broadleaf forest to 
dry cropland has an increased net radiation due to the decreased surface emissivity 
(Fig. 4.6d).  This explains why a decrease of 3% in albedo in Region III produces a 
similar magnitude of change in net radiation as does 8% albedo increase in Region II. 
Without the surface emissivity change effect, the maximum reduction of net radiation 
in Region II would be about -50 W m-2 at 15 UTC as seen in Fig. 4.6d. 
 
In summary, over savanna the net radiation is largely balanced by the sensible heat 
flux because the region has smaller moisture availability (not sh wn).  On the other 
hand, in the two other regions (forest and grassland) latent heat is the primary factor 
to balance the net radiation.  The largest change in the surface energy balance occurs 
in the region transformed from evergreen broadleaf forest to dry cropland, and the 
smallest change in the surface energy balances occur over the region changed from 
savanna to cropland.  
 
Regions II and III exhibit opposite changes in the net radiation and heat fluxes (Figs. 
4.6d,f).   Region II shows a decrease in the net radiation and sensible heat fluxes due 
to the increased surface albedo (Fig. 4.5b) and decreased absorption of incoming solar 
radiation by the surface.  Note that the amount of reduction in the sensible heat flux is 
more than two times larger than the increase in the latent heat flux.  Region III has an 
increase in the net radiation and the sensible heat fluxes because of the reduced sur-
face albedo (Fig. 4.5b) and increased absorption of shortwave radiation by the surface.  




Figure 4.6: (a)-(c) Three-month (SON 2002) mean diurnal cycle of surface fluxs av-
eraged at three selected places representing the 3 regions identifie  in Fig. 4.5.  Solid 
and dotted lines denote CNTL and CROP, respectively.  (d)-(f) show the differences 
CROP-CNTL for the same points.  Black: Net radiation; Red: Turbulent sensible heat 




4.4.2 Surface heat fluxes and near-surface atmospheric variables 
So far the local effects have been described, but the changes tend to be widespread, as 
presented in Fig. 4.7 that shows the three-month averaged field of sensible and latent 
heat fluxes for the control run, CNTL, and the difference CROP minus CNTL.  To 
facilitate the analysis, two rectangle boxes are drawn in the pan ls.  The upper box 
bounded by (66° W-46° W, 28° S-17° S) represents “the northern LPB” and the 
lower one bounded by (65° W-51° W, 37° S-28° S) represents “the southern LPB”.  
The latitude 28° S is appropriately located so that the northern LPB contains most of 
the changes from savanna and broadleaf forest to croplands (Regions I and II), while 
the southern LPB encompasses most of the changes from grasslands to croplands 
(Region III).   
 
Figure 4.7 indicates that sensible heat flux is large in mountainous area , whereas la-
tent heat flux is large over the sea and the wetter low-altitude central part of LPB.  It 
can also be seen that in general there is a reverse pattern between sensible and latent 
heat fluxes (when one is large, the other is small).  The differenc s between the con-
trol and modified land cover simulations show a pattern where the sensible heat flux 
decreases (in general) over the northern LPB with largest changes in eastern Paraguay, 
and increases over the southern part of the basin (Fig. 4.7b).  The latent heat flux (Fig. 
4.7d), on the other hand, experiences the largest increase over eastern P raguay and a 
slight decrease elsewhere on the northern LPB.  The overall increase of latent heat 
fluxes could be a response to the decreased stomatal resistance (ee Table 4.2) and the 




Figure 4.7: Three-month (SON 2002) averaged (a) sensible heat flux (W m-2) and (c) 
latent heat flux (W m-2) from the model simulations and their corresponding differ-
ences (b, d) when modifying the surface conditions (CROP-CNTL).  The contour in-
terval is 4 W m-2 and the zero contour is suppressed. 
 
 
The horizontal distributions of sensible and latent heat fluxes in northern and southern 
LPB play a crucial role in determining near-surface temperature and humidity.  Figure 
4.8 shows that the decreased (increased) sensible heat fluxes in the northern (south-
ern) LPB give rise to relatively strong cooling (weak warming) near the surface (Fig. 
4.8b).  The magnitude of the maximum cooling is about 1.1 °C in the northern basin, 
while the amount of the maximum warming is below 0.5 °C in the southern basin.  
These results are consistent with Beltrán-Przekurat et al. (2010) which showed that 
the conversion from wooded grassland or forest to agriculture produced warmer tem-
perature, while afforestation and conversion of grass to agriculture led to a cooler 
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near-surface atmosphere.  Fall et al. (2009) showed from their obse vation-minus-
reanalysis (OMR) data that the shift to agriculture from f ur types of land covers (i.e., 
urban, barren lands, forests and glasslands/shrublands) gives rise to a cooling pre-
sumably because of irrigation and high evaporation.  Figure 4.8 shows that Region II 
is in agreement with their findings, while Region III is not.  The reasons for the latter 
can be due to the difference in agricultural systems between North America and South 
America.  The current agricultural systems over LPB are dominated by dry croplands 
(Fig. 4.4b), not irrigated croplands.  Accordingly, the extreme agricultural activity ex-
periments assumed an expansion of dry croplands (Fig. 4.4d), not irrigated crop-
lands.  Region II (forest → dry cropland) experiences very large changes in surface 
parameters (e.g., large increase in albedo) and shows clear cooling signals in Fig. 
4.7b.  Region I (savanna → dry cropland) and III (grassland → dry cropland) do not 
show such a cooling signal.  This seems to be related with the fact that dry croplands 
generally have smaller water (less evaporation) and smaller alb do (more insolation) 
than irrigated croplands, leading to slight warming in Region I and III (Fig. 4.7b).  
However, we should note that Fall et al. (2009) and the present study are iffe ent in 
the land cover classification.  For example, Fall et al. (2009) grouped grasslands and 
shrublands, but the two are separated in this study.   
 
Although the perturbation amplitudes of near-surface temperature have horizontally 
heterogeneous distributions, their spatially-averaged values are comparatively small 
over both the northern and southern parts of the basin (Fig. 4.8b).  This is related with 
contrasting processes controlling ground temperature change, and is i  agreement 
with analytical theories (e.g., Zeng and Neelin 1999) and GCM simulations (e.g., 
Hahmann and Dickinson 1997).  In case of the northern part (Region II), for example, 
the ground temperature is cooled initially as incoming solar radiation decreases by an 
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increased surface albedo.  However, negative feedbacks from reduced evaporation 
and increased incoming solar radiation due to reduced cloud cover tend to offset this 
cooling tendency, resulting in a small ground (and near-surface) temperature change 
(Zeng and Neelin 1999).   
 
On the other hand, the increase in latent heat fluxes in both the norther and the 
southern LPB produces the increase in humidity (the 2-m water vapor mixing ratio) 
near the surface with a maximum again over eastern Paraguay s well as along the 
northern boundary of the LPB, and the magnitude of change is over 0.4 g kg-1 (Fig. 
4.8d).  The comparatively strong cooling in the northern LPB is a statistic lly signifi-
cant signal at the 90% level of confidence. The relatively weak warming in southern 
LPB is partly statistically significant at the same leve.  The somewhat large changes 
water vapor mixing ratio along the northeastern boundary (parts of the Brazilian 
Highlands) of the basin are associated with local changes in late t heat fluxes (Fig. 
4.7d), but cannot be fully explained.  The latent heat fluxes and the near-surface hu-
midity in LPB seem to be influenced by non-local effects such as large-scale moisture 
fluxes (shown later in Fig. 4.12d).    
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Figure 4.8: Same as Fig. 4.7 but for (a) 2-m temperature (°C) and (c) 2-m water va-
por mixing ratio (g kg-1) on the right panels.  The plotted contours are [-1.2, -0.9, -0.6 
-0.3, -0.1, 0.1, 0.3] in (b).  The contour interval 0.1 g kg-1 and the zero contour is sup-





Figure 4.9: Same as Fig. 4.7 but for 10-m horizontal wind vectors (left panels) and 
their magnitude (right panels; shaded; m s-1).  Regions of high-altitude above 1250 m 
on all panels and regions of weak wind below 0.1 m s-1 on lower panels were masked 
out.  The plotted contours are [-0.3, -0.1, 0.1, 0.3, 0.5, 0.7] in (d). 
 
 
Changes in the surface properties, particularly the surface roughness, are expected to 
force changes in the low level winds, and this can be noticed in Figs. 4.9b,d.  The dif-
ference CROP-CNTL wind field indicates that a strengthening of the north-
erly/northeasterly winds near the exit zone of the LLJ, and this particular effect will 
be discussed later.  The magnitude of the wind speed change reaches up to 1.5 m s-1 in 
the east-central region of the LPB including the southern Paraguay (Fig. 4.9d).  This 
strengthening of near-surface winds contributes to the increases in latent heat fluxes 
over the LPB in Fig. 4.6d because higher wind speeds and/or reduced temperature fa-
vor more evaporation (e.g., Chen and Dudhia 2001, Ek et al. 2003, Raymond 2004).  
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Wind field changes are also observed over the ocean east of the LPB, suggesting a 
role for advective processes in the analysis of land cover impacts.  The role of advec-
tion will be discussed later.  The 10-m wind increase over the three regions where 
land cover was modified is also statistically significant (thenull hypothesis, that there 
is difference between CNTL and CROP, is rejected at the 10% level of significance).   
 
4.4.3 Local thermodynamic forcing 
The changes in the surface fluxes and surface energy balance are expected to influ-
ence the structure of the lower atmosphere through atmospheric turbulent eddies.  
Figure 4.10 shows the simulated 3-month average of the Planetary Boundary Layer 
(PBL) heights.  The PBL in the CNTL simulations is deeper in the northern part of 
LPB and shallower towards the south (Fig. 4.10a).  The CROP-CNTL difference field 
(Fig. 4.10b) suggests that the northern LPB would have a large decreas  in the PBL 
height, while the southern LPB would experience a slightly increased PBL height.  
Such changes in boundary layer depth are closely related with changes in sensible 
heat fluxes.  In Region II, the decrease of sensible heat fluxes from the ground to the 
atmosphere would produce less vertical mixing in the PBL.  This would cause the po-
tential temperature in the PBL to be less constant with height following a dry adia-
batic lapse rate, and decrease the thickness of the PBL.  Region III exhibits the re-
verse behavior.  Stronger sensible heating in the southern LPB generates more intense 
turbulent eddies and produces a deeper boundary layer.  The largest decrase in PBL 
depth in Region II is due to the fact that the magnitude of reduction in sensible heat 




Figure 4.10: Same as Fig. 4.7 but for planetary boundary layer height (in m).  The 
contour interval is 30 m and the zero contour is suppressed in (b). 
 
 
The local processes that contribute to the development of precipitation c n be ana-
lyzed using the convective available potential energy (CAPE) and convective inhibi-
tion (CIN).  The CAPE (CIN) is the amount of positive (negative) buoyant energy in 
the vertical sounding of temperature, and by convention, both have positive signs in 
this chapter.  The CAPE (CIN) can be regarded as the thermodynamic forcing facili-
tating (inhibiting) local convection and precipitation (Bluestein 1993, Barlow et al. 
1998).  CAPE and CIN can be computed by assuming that air parcels start ascending 
 52
from different levels.  Here, we choose the level that produces the maximum values of 
CAPE and CIN at each horizontal point.  Figures 4.11a,c show that in general there is 
relatively large CAPE and CIN in the southern and western parts of the LPB.  This 
region is well known for the development of Mesoscale Convective Systems (MCSs) 
as discussed by Zipser et al. (2006).  Also, Berbery and Collini (2000) discussed the 
role of MFC versus CAPE in the diurnal cycle of precipitation in the LPB, and found 
that thermodynamic processes are not the primary forcing for the egions’ precipita-





Figure 4.11: Same as Fig. 4.7 but for maximum CAPE (J kg-1) and maximum CIN (J 
kg-1).  The contour intervals are (b) 10 J kg-1 and (d) 2 J kg-1 and zero contours are 
suppressed.  
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The CROP-CNTL differences suggest that the land cover change on the whole acts to 
decrease CAPE in the northern and the southern sectors of LPB, while it increases 
CAPE between 30° S and 24° S and above the northern boundary of LPB (Fig. 4.11b).  
Figure 4.11d indicates that the land cover change increases CIN in the central and the 
northwestern parts of LPB, and along the east coast, with decreass in the north-
central and the southern parts of the LPB.  From the difference between CAPE and 
CIN fields, we can determine local convection and precipitation.  However, the CAPE 
and CIN fields in Fig. 4.11 still represent local changes in the atmospheric column, 
and do not fully account for the impacts of the land cover change.  It will be shown 
next that the change in land cover can affect not only the local climate, but the larger 
scales climate.  
 
4.4.4 Large-scale horizontal moisture flows  
The changes in near-surface conditions, particularly the water vapormixing ratio and 
the low-level winds, are expected to affect the moisture fluxes and their convergence.  
Figure 4.12a presents the prevailing features of the CNTL 3-month mean vertically 
integrated moisture flux, which is heavily influenced by the lower level layers.  Large 
moisture fluxes associated with the trade winds can be noticed over the tropical Atlan-
tic Ocean and into the Amazon basin.  A region of large westward/southward mois-
ture fluxes also exists on the southeastern coast of Brazil associ ted with the western 
boundary of the Atlantic anticyclone and the topography of southeastern Brazil, trans-
porting water vapor along the coast and towards the South American Monsoon (Vera 
et al. 2006).  However, the most relevant feature for our study is the outhward mois-
ture flux from the Amazon into the La Plata Basin noticed through the relatively low 
lands between the Andes Mountain ranges and the Brazilian Highlands. A closer look 
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at this region (Fig. 4.12c) reveals the horizontal structure of the Low-Level Jet (LLJ) 
east of the Andes, discussed a few times in the literature.  It can also be noticed in Fig. 
4.12c a region of moisture flux convergence at the exit region of the LLJ (western and 
southern parts of LPB).  This region of convergence also prevails over the southern 
South Atlantic.  
 
Figures 4.12b,d present the differences in moisture fluxes and their convergence re-
sulting from the land cover modification from current vegetation to dry croplands 
(CROP – CNTL).  Within the La Plata Basin, the reduction in surface roughness (Fig. 
4.5c) favors stronger low-level winds and consequently stronger moisture fluxes (Fig. 
4.12d), and an eastward anomaly develops.  The acceleration of the moisture flux at 
the exit region of the LLJ produces increased divergence (or reduced convergence) of 
moisture fluxes particularly over the northern part of the basin.  As the flow exits LPB, 
and into a region where the surface roughness kept the original values, there is an in-
creased convergence of moisture flux most noticeable east of the basin.  Likewise, 





Figure 4.12: (a) Three-month (SON 2002) average of vertically integrated moisture 
flux in kg (m s)-1 (shades represent the main features of the topography in km); (b) the 
CROP-CNTL moisture flux differences (Moisture fluxes weaker than 4 kg (m s)-1 
were masked out); (c) close-up over La Plata Basin of the vertically ntegrated mois-
ture flux and its convergence (shades); and (d) as (c) but for the CROP-CNTL differ-
ences; values smaller than 3.5 kg (m s)-1 were masked out. The magnitude of the vec-
tors is presented at the lower right of each panel.  In (b) and (d), ‘H’ and ‘L’ denote 
anticyclonic and cyclonic circulations of moisture flows respectively.  In (b), ‘T’ de-
notes a response at a distant location.    
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Figure 4.13 shows the cross section, along the line X-Y in Fig. 4.12b, of the merid-
ional moisture flux and its variation due to the land cover change.  Berbery and Col-
lini (2000) showed that the LLJ east of the Andes Mountains supplies moisture from 
the Tropics into the subtropics and even into the middle latitudes.  Figure 4.13a shows 
that the southward moisture fluxes are concentrated in a narrow longitudi al band be-
low 700 hPa.  It also shows that the cross section of meridional moisture flux has a 
southward maximum of about 30-50 g kg-1 m s-1 through the 900-700-hPa layer on the 
eastern side of the Andes.  Figure 4.13b shows that the extreme land-cover change 
would strengthen the northerly moisture flow between the central Andes Mountains 
and the Brazilian Highlands.  This means that the land cover modification would in-
crease the moisture injection to LPB from the north, the Amazon basi(but also in-
creases the exit flow from the northern region).  The maximum amount of the increase 
in the moisture flux exceeds 4 m s-1 g kg-1 in low levels (55° W - 60° W) and accord-
ingly water vapor mixing ratio increases in the lower troposphere levels.  Because a 
major reason for variability in precipitation over LPB is moisture transported from 
Amazon basin by LLJs, this result suggests that the drier (moister) springtime in the 




Figure 4.13: (a) Cross section of the meridional moisture flux (shaded; m s-1 g kg-1) 
across the line marked X-Y in Fig. 4.12. The contours in denote waterv por mixing 
ratio (g kg-1).  The model topography is represented in white color. (b) CROP-CNTL 
difference in the meridional moisture flux.  The solid (dotted) lines in (b) denote the 
positive (negative) difference with interval of 0.1 g kg-1. 
 
 
The spatial scale of the land cover change that must occur in order t  give rise to a 
large-scale impact depends on where the land cover forcing occurs on the earth (Mar-
land et al. 2003).  There is no detailed study on the remote or teleconnection effect of 
land surface changes over the LPB.  Figure 4.12 shows that the land cover change in 
LPB results not only in changes in the interior of the basin but also in changes in the 
 58
horizontal moisture flux patterns over the South Atlantic Ocean as well. This clearly 
indicates that the results of land cover change in the LPB are not strictly local, and 
advective processes modify the circulation and precipitation patterns downstream 
over the South Atlantic Ocean.  The horizontal scale of the land surface change is ap-
proximately corresponding to 22° x 24°, i.e. the size of the basin.  The extensive land 
cover changes produce anomalies of the mass/temperature fields (as shown in Fig. 
4.8b), whose size is comparable to the Rossby radius of deformation (LR).  Under this 
circumstance, the anomaly information might be transferred to dis ant regions, for ex-
ample, by Rossby wave propagations (personal communication, Laprise 2009) or by 
circulation connecting the Tropical Ocean and mid-latitude regions.  This could be the 
case of the anomalous atmospheric circulations near 10° N (‘T’ in Fig. 4.12b), far be-
yond the LPB.  Or, the remote response can be the anomaly flow fields which can be 
diagnosed by large-scale dynamics through moisture convergence (Zeng and Neelin 
1999).  It remains to be verified if the two features are dynamic lly related or are sim-
ply “noise” in the simulations.  This subject will not be examined here 
 
4.4.5 Surface precipitation 
Figure 4.14 presents the precipitation fields averaged over 3 months (the precipitation 
in Fig. 4.14a is the same as in Fig. 4.2c).  The control run shows that the precipitation 
fields exhibit larger precipitation over the southern LPB than over the northern LPB 
(Fig. 4.14a).  Figure 4.14b presents the precipitation difference between th  CNTL 
and CROP experiments.  The changes in the precipitation field can be explained as 
the combined effects of both local (e.g., CAPE/CIN effects) and large-scale (moisture 
fluxes) forcings induced by the land cover change.  There is an overall consistency 
between the precipitation field and vertically integrated moisture flux convergence.  
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On the whole, the regions of precipitation increase (decrease) are collocated with ver-
tically integrated moisture flux convergence (divergence).  Especially, precipitation 
change over the ocean is more related with large-scale moisture flux change, than to 
the local thermodynamic changes.  
 
Figures 4.14b,d show that the northern LPB may experience drier climate with the 
reduced precipitation with the centers of the drying (about -0.6 mm day-1) occurring in 
the Region I and II.  This is consistent with the majority of numerical experiments that 
examine the effect of deforestation on climate by assuming conversion of forests into 
croplands with higher albedo and lower roughness length (e.g., Nobre et al. 1991, 
Hahmann and Dickinson 1997).  In contrast, the precipitation is slightly increased in 
the southern LPB.  Thus, the horizontal precipitation gradient between th orthern 
and the southern basins would increase because of the land cover change.  This result 
indicates that the increases in cropland extension would make the nortr  LPB be 
slightly drier, while the southern LPB would have more precipitation.  It is important 
to recall that these are idealized simulations and the results need to be taken under 
these limitations.  The conversion of evergreen broadleaf forest to dry cropland and 
pasture is a commonly assumed scenario in most of the deforestati n experiments, 
which find that deforestation yields significant reduction in precipitation.  Similar re-
sults were obtained also in this study. 
 
The reduced (increased) precipitation in the northern (southern) LPB is statistically 
significant.  However, the statistical significance of precipitation is somewhat lower 
than that of 2-m temperature and 10-m wind (see Appendix B).  This can be attributed 
to the fact that, in general, precipitation does not necessarily follow Gaussian prob-
ability distributions.  Nevertheless, statistical significance of the change in surface 
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precipitation due to land cover conversion is over 90%.  While the effect o  the LPB 
land cover change on the near-surface temperature is mainly limited to the basin, the 





Figure 4.14: (a) Three-month (SON 2002) average of total precipitation in mm day-1. 
(b) CROP-CNTL difference in total precipitation in mm day-1. (c)-(d) as (a)-(b) but 
for the convective component of the total precipitation.  The contour interval is 0.1 
mm day-1 and the zero contours are suppressed. 
 
 
Thus, the change in precipitation induced by the land cover modification and its 
physical mechanism over LPB can be summarized as follows.  An extreme agricul-
tural activity implies that the northern part of the basin changing from “forests and 
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savanna” to “croplands” would have an overall increase in albedo and reduced surface 
friction.  These two changes lead to a reduction of sensible heat and surface tempera-
ture, and a somewhat higher evapotranspiration due to reduced stomatal resist nce 
and enhanced 10-m winds.  The effect on sensible heat seems to dominate and yield a 
reduction in convective instability.  The stronger 10-m winds due to r duced friction 
also imply a larger amount of moisture advected out of the basin, and thus resulting in 
reduced MFC inside the basin.  The combined effects of the two, increased stability 
and reduced MFC, give rise to a reduction of precipitation.  On the other hand, the 
southern part of the basin exhibits the opposite behavior, as “croplands” would re-
place “grasslands”, resulting in reduced albedo, a slight increase of surface tempera-
ture and increased precipitation.  Turbulent latent heat flux is enhanced i  both the 
northern and the southern LPB by reduced stomatal resistance and strengthened near-
surface winds, but such an enhancement is smaller in magnitude than that of decrease 
or increase in turbulent sensible heat flux.  
 
4.5 Discussion of the NATR experiment 
 
The scenario NATR represents a natural land cover pattern (se Fig. 4.15) where cur-
rent dry croplands and cropland/woodland mosaic areas were replaced by savanna 
(grassland) above (below) 25° S, only within the LPB (refer to Lapola et l. 2008).  
The scenario CROP had three regions with changes in surface properties, i.e. Region I, 
II and III in Fig. 4.5a.  However, the scenario NATR accompanies four different re-
gions: the first changing from dry croplands to savanna, the second from crop-
land/woodland mosaic to savanna, the third from cropland/woodland mosaic to grass-




Figure 4.15: (a) A global natural vegetation map (source: http://www.geography. 
hunter.cuny.edu/~tbw/ncc/chap4.wc/vegetation/world.map.natural.vegetation.jpg). 
The natural land-use/ land cover map used for the NATR experiment on the (b) 





Figures 4.16a,b present the vertically integrated moisture flux and its horizontal con-
vergence for NATR-CNTL, while Fig. 4.16c shows the total precipitation differences.  
An overall match between the precipitation fields and vertically integrated moisture 
flux convergence can be seen, as it was the case for the CROP experiment in Figs. 
4.12d and 4.14b.  Fig. 4.16c shows that in general the entire LPB would have a drier 
climate if there were no croplands.  The major centers of reduced precipitation (below 
-0.8 mm day-1) occur around Uruguay in the southern LPB.  Increased precipitation 
also exists, for example, over Paraguay and northwest of Uruguay, b t over smaller 
areas and with weaker intensities.   
 
Nuñez et al. (2008)’s observational analysis suggests that the observed incr ase in 
precipitation in the northwestern Argentina is related not only with an increase in 
moisture transport from the Amazon but also an intensive cultivation of soy.  Figure 
4.16c reveals that the northern (southern) LPB would suffer from increase (reduction) 
in precipitation due to modern land cover effects.  This implies that the increased pre-
cipitation in the Uruguay River is possible through the land cover change from the 
natural vegetation to the modern vegetation.  In particular, this finding may have an 
important implication associated with the observational increase in precipitation in the 
Uruguay River (Saurral et al. 2008) and northwestern Argentina (Nuñez et al. 2008) 
during the second half of the past century.  Because Saurral et al. (2008) did not allow 
land-atmosphere exchanges, our findings bring another view to their conclusion that 
the positive trend observed in the Uruguay River streamflow should be attributed to 












Figure 4.16: Same as (a) Fig. 4.12b, 
(b) Fig. 4.12d, and (c) Fig. 4.14b ex-
cept for NATR-CNTL. 
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On the other hand, the results of Figs. 4.14b and 4.16c indicate that continued la d 
cover changes, from natural vegetation state to current as well as from current to fu-
ture, would have impacts on increasing precipitation by a maximum of about +1 mm 
day-1 in the southern LPB, especially near Uruguay.  In the northern LPB, however, 
the impact of anthropogenic land cover changes tend to be cancelled off as time goes 
by from past to future through present.  Namely, land cover changes from past to pre-
sent would have effects on increasing precipitation, but vegetation changes from pre-
sent to future would have the opposite effects in the northern LPB.  By comparing the 
two regions, the southern LPB appears to be more vulnerable to land-cover and land-
use changes, and would experience relatively bigger regional climate changes. 
 
According to Fig. 4.16a, NATR-CNTL shows weaker impact of LULCC than CROP-
CNTL inside the LPB and over the Atlantic Ocean west of the LPB, but exhibits big-
ger remote impacts than CROP-CNTL with the teleconnection more noticeable near 
equator (the region ‘T’).  Beltrán-Przekurat et al. (2010) mentioned that in their re-
sults the LULCC impacts were mostly limited to the areas of the land-cover changes, 
and assumed that remote changes would also appear in locations far from where the 
LULCC occurred.  One of the major reasons for that may be the fact th t the spatial 
scale of the LULCC in Beltrán-Przekurat et al. (2010) is small compared to our pre-
sent study, which deals with the horizontal scale of the LULCC comparable to Rossby 
radius of deformation.  The present study suggests that such remote responses might 








Figure 4.17 is the same as Fig. 4.16 but for (CROP – NATR).  Compared with CROP 
– CNTL, we can see more clear signals for general contribution of anthropogenic 
landscape changes over La Plata Basin to regional MFC and precipitation trends.  
Figure 4.17a shows that southerly and westerly moisture flows accelerate over the 
LPB due to decreases in roughness length (Table 4.2), while the moisture flows out of 
the basin decelerate due to increased roughness length.  As a result, MFC are reduced 
Figure 4.17: Same as Fig. 4.16 ex-
cept for CROP-NATR. 
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within the basin but are reinforced along the northeastern boundary of the basin (Fig. 
4.17b).  These processes produce a distinct cyclonic circulation downstream (‘L’ in 
Figs. 4.17a,b) in contrast with the two-cell structure in Fig. 16a.  The southerly and 
westerly moisture fluxes within the basin seem to prevent the LLJ blowing from the 
Amazon Basin.  As a result, Fig. 4.17c shows that the expansion of human-induced 
dry croplands would lead to an overall reduction in precipitation over the northern 
basin, while would result in an enhancement in precipitation over the southern basin.  
The latter feature is consistent with the increasing trend in observed precipitation (Fig. 
1.4) and shows that observed precipitation change is partly associated wth land sur-
face changes.  However, the magnitude of the observed changes is much larger than 
those obtained here, and the pattern is also not identical.  This is partly because we 
ignored land cover changes outside the basin, but more basically because the observed 
changes seem associated to changes in large-scale forcings (e.g., Haylock et al. 2006).  
 
4.6 Summary and conclusions 
 
The land cover of the La Plata Basin has been subject to important changes due to ag-
ricultural practices with unknown effects to the environment.  Extensiv  farming ac-
tivities have potential impacts in the surface physical properties that may affect the 
basin’s climate.  To better understand the mechanisms by which the land surface-
atmosphere feedbacks may be affected, the WRF modeling system was used to simu-
late idealized cases of vegetation distributions.  Two idealized sc narios were consid-
ered.  The first one is an intensification of the agricultural activities (replacement of 
natural vegetation by croplands within LPB) while the other one reflcts the assump-
tion that there were no human influences in the land cover of LPB (no croplands).  
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This research discusses the land-atmosphere interactions, their role in modifying the 
boundary layer, the effect on the convective instability and low level moisture fluxes, 
and ultimately, the resulting changes in precipitation.  A statistical significance at the 
90% level was considered for the results.  
 
Evaluation of the model performance for the 2002 austral spring season in South 
America was performed against raingauge and satellite estimates of precipitation.  Al-
though not perfect, the simulations were able to reproduce all the main observed cen-
ters of precipitation.  The evaluation of the 2-m temperature was also qualitatively 
successful in magnitude and spatial gradient within the La Plata Basin.  The compari-
son becomes unreliable in other regions due to the lack of a proper observational net-
work (e.g., in the Amazon basin).  
 
The first set of experiments was prepared by assuming an increase of agricultural 
practices within the La Plata Basin by replacing natural vegetation (savanna, grass-
lands and evergreen broadleaf forest) by dry cropland.  The replaced veg tation over 
the northern part of the basin was mostly savanna and forests, while in th  southern 
part of the basin it was savanna and grasslands.  The northern part of the basin experi-
ences an overall increase in albedo and reduced surface friction.  The changes in 
physical properties lead to a reduction of sensible heat and near-surface temperature, a 
reduction in CAPE, and MFC, resulting in a reduction of precipitation.  The southern 
part of the basin, on the other hand, exhibits the opposite behavior, resulting in slight 
increase of surface temperature and increased precipitation.  The reduction of 2-m 
temperature over the northern LPB and the enhancement of 10-m winds over the en-
tire LPB were strong signals and statistically significant even at the 99% level of sig-
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nificance.  The land cover change effect on precipitation was less stati tically signifi-
cant compared with the near-surface temperature and winds, but it was still statisti-
cally significant at the level of 90%.  Among the three replaced vegetation types, the 
largest change in surface climatic variables occurs in regions with changes from ever-
green broadleaf forest to dry cropland.  This suggests that over those regions potential 
future agricultural practices may have a larger impact on the local surface energy bal-
ance and the entire LPB climate.   
 
The second set of experiments replacing croplands by natural vegetation showed that 
the LPB would have a drier climate if there were no human landscape practices.  
Combined results of the two scenarios show that land cover changes from past to pre-
sent would increase precipitation, but vegetation changes from present to future would 
have the opposite effects in the northern LPB.  All these things may i pl  that the 
southern LPB would be more sensitive to land-cover and land-use changes, and would 
experience relatively bigger regional climate changes.  
 
It is shown that the land cover change in the LPB may affect remote places as well as 
downstream, indicating that extensive land-cover changes with a spati l scale similar 
to that of the Rossby radius of deformation in mid-latitudes during austral spring sea-
son can teleconnect to other regions.  
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Chapter 5: Incorporation of Ecosystem Functional Types in 




In exchanges of heat, moisture and momentum between land and atmosphere, vegeta-
tion information is important in establishing the partitioning of surface sensible and 
latent heat flux, and affects the near-surface mass and wind variables.  Values of 2-m 
temperature, 2-m specific humidity and 10-m wind are associated wi h the vegetation 
characteristics like albedo, roughness length, leaf area index, vegetation fraction etc.  
Moreover, the influences of vegetation in the near-surface are transferred to the plane-
tary boundary layer (PBL) and even to higher levels in the free atmosphere by turbu-
lence processes and meso-/large-scale atmospheric circulations.  
 
For observational and modeling studies on the land surface changes, satellite-derived 
information has been playing a crucial role in upgrading the quality of land surface 
data (e.g., Anderson et al. 1976).  In order to replace the existing ground-based land 
cover data by remotely sensed data, many efforts have focused upon using satellite-
based land cover data in the numerical models.  For instance, Oleson et al. (1997) car-
ried out stand-alone model runs using two satellite-derived maps and aglobal land-
cover dataset commonly used in GCMs, and showed that the partitioning of net radia-
tion into sensible and latent heat fluxes was different for the two satellite-derived 
datasets.  Kurkowski et al. (2003) implemented satellite-derived land cover data in the 
Eta Model (Black 1994) and showed that use of the near-real-time vegetation fraction 
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data from the National Oceanic and Atmospheric Administration’s Advanced Very 
High Resolution Radiomenter (AVHRR) data improves the forecasts of both the 2-m 
temperature and dew point temperature for much of the growing season.  Yucel (2006) 
implemented the Moderate Resolution Imaging Spectroradiometer (MODIS) land 
cover and albedo in the fifth-generation Pennsylvania State University–National Cen-
ter for Atmospheric Research Mesoscale Model (MM5) (Grell et a . 1994) at two con-
trasting U.S. regions and showed remarkable improvements in near-surface tempera-
ture and humidity at both study areas.  Ge et al. (2008) also incorporated the MODIS 
data of leaf area index and vegetation fractional cover in the Regional Atmospheric 
Modeling System (RAMS) (Pielke et al. 1992) and showed that the spatial, seasonal, 
and diurnal characteristics of the model land surface temperature were improved be-
cause of MODIS data.   
 
However, AVHRR (USGS) land-cover dataset, a default dataset radi ionally used in 
most meteorological modeling systems including the WRF model, is based on a land-
cover classification dictated by “structural” attributes of vegetation, and therefore 
have a high inertia to rapid environmental changes (Alcaraz-Segura t al. 2009).  The 
number of land-cover/land-use types is also rather small: for example, 15 types in 
ECOCLIMAP (Champeaux et al. 2005), 17 IGBP types (Belward et al. 1999; Scepan 
1999), and 24 USGS types (Loveland and Belward 1997).  The number of land-
cover/land-use types is related with spatial heterogeneity in ecosystem functioning, 
and we would lose heterogeneity information with smaller number of types.  Accord-
ing to Pielke (2001), the shape of the surface heterogeneity strongly affects the ability 
of mesoscale atmospheric flows to accumulate CAPE within localregions so as to 
permit a greater likelihood of stronger thunderstorms.  To overcome thes drawbacks, 
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some ecologists (e.g., Paruelo et al. 2001, Alcaraz-Segura et al. 2006, 2009) proposed 
a new land-cover classification called Ecosystem Functional Types (EFTs), where the 
land-cover classification is dictated by “functional” attributes of vegetation and has a 
sensitivity to rapid environmental changes.  The idea is representing the earth’s land 
surface in terms of ecosystem functional types rather than the curr nt fixed structural 
types.  For example, the behavior of rice fields and wetlands is sim lar, but are classi-
fied as different types in the traditional land-cover classification.   
 
Because the EFT dataset has not been incorporated in any numerical w ather or cli-
mate models, the first objective of this study is to implement it in the WRF Model as a 
new terrestrial boundary condition, and to estimate its impact on the climate and hy-
drology of the region.  With this objective, numerical simulations of the WRF Model, 
using both USGS and EFT data, are carried out for the austral spring 1998 and are 
compared with observations.  The present study focuses on a regional area, southern 
South America which has experienced significant land cover changes since the Euro-
pean settlement.  It is also our objective to understand the physical me hanisms by 
which regional EFT changes give rise to changes in regional precipitation.   
 
5.2 Methodology and data 
 
5.2.1 The WRF model configuration  
The model configuration has several differences from the previous chapter.  Taking 
advantage of a new release, the Advanced Research WRF version 3.1.1 was used in 
this chapter for the numerical simulations rather than version 2.2.1.  All of the simula-
tions were performed on a two-way nested grid configuration with an outer grid of 
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625 x 377 points at a 30-km interval, covering the southern South America including 
the LPB.  An inner grid with 768 x 552 points at a 10-km interval was nested to cover 
most of the LPB and the northern and central parts of Argentina (see Fig. 5.1).  Both 
grids have 27 vertical levels and their thickness is geometrically increased with height.  
A 180-s time step is used on the coarse-grid domain and a smaller time interval on the 
inner grid.  Each grid used the same vertical coordinate (27 levels).  The LAI, as well 
as the other surface parameters, is dependent on the type of land-cover/land-use and 
has seasonal variations, allowing more dynamic vegetation behavior.  Model physics 
are the same as in Chapter 4, except that the radiation scheme was r placed by a new 




Figure 5.1: The WRF model domain configuration used in this chapter.  Mother and 
nested domains have horizontal resolutions of 30 km and 10 km, respectively.  Con-
tour intervals for topography are indicated at the bottom in km. 
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Initial atmospheric fields and atmospheric lateral boundary conditions were provided 
by the NCEP/NCAR reanalysis (Kalnay et al. 1996).  The lateral boundary update in-
terval is 6 hour and five grid points were used for the lateral boundary udging.  Up-
per-air spectral nudging techniques (Davis et al. 1976, Vukicevic and Errico 1990, 
Waldron et al. 1996, von Storch et al. 2000) are adopted and the nudging is done at 
every model time step only on the coarse grid.  Cut-off wave numbers us d for spec-
tral nudging are 6 and 5 in x and y directions of the domain, respectively.  It is known 
that precipitation location biases and monsoon circulations are improved by imple-
menting spectral nudging of the large-scale dynamics (e.g., Miguez-Macho et al. 2005, 
Cha et al. 2006).  All these are summarized in Table 5.1.  
 
 
Table 5.1: The specification of the WRF modeling system used in Chapter 5. 
Grids Double nested domain 
(30 km for 625x377 and 10 km for 768x552 grid points) 
Numerics Primitive equations based on the non-hydrostatic frame 
Vertical resolution 27 vertical levels with model top of 10 hPa 
Later boundary  
condition 
Time and inflow/outflow dependent relaxation 
Lateral boundary  
update 
30 km : 6-hour interval by NNRPs 
10 km : 6-hour interval by 30 km forecasts 
Spectral nudging 30 km : cut-off wave number is 6 (5) in the x (y) direction  
10 km : none 
Time integration 3 months for both 30 km and 10 km meshes  
(180s intervals in the coarse grid) 
Horizontal diffusion Fourth order diffusion 
Precipitation physics WSM6 microphysics (Hong and Lim 2006) 
Deep convection BMJ cumulus scheme (Janjic 1994, 2000) 
PBL and surface layer MYJ PBL scheme (Janjic 1990, 1996, 2002)  and  
MOJ surface layer scheme (Janjic 1996, 2002)  
Land surface physics NOAH LSM (Chen and Dudhia 2001) 
Short wave radiation  Dudhia shortwave scheme (Dudhia 1989) 





5.2.2 Land cover data 
The WRF model, which was adopted in this study, allows the use of 17-category 
MODIS land cover data in replacement of the traditional 24-category USGS land 
cover data.  The default land-cover dataset in the WRF Model is based on the USGS 
global 1-km land-cover map (Anderson et al. 1976) produced from the National Oce-
anic and Atmospheric Administration (NOAA)’s Advanced Very High Resolution Ra-
diometer (AVHRR) measurement (Loveland and Belward 1997) from 1992 – 1993 
data.  Surface properties such as vegetation and soil moisture data are prescribed fol-
lowing 24 unique USGS land-use categories with different surface albedo, moisture 
availability, emissivity and roughness values assigned to each category.  The other 
land-cover dataset in the WRF model is based on data from the National Aeronautics 
and Space Administration (NASA)’s Moderate Resolution Imaging Spectroradiometer 
(MODIS) measurement, and was implemented by Yucel (2006).  The MODIS land 
cover dataset has 17 USGS land-cover types which were translated from the Interna-




Figure 5.2: A schematic diagram illustrating the seasonal curve of Normalized Dif-
ference Vegetation Index (NDVI) and the three components which are used to define 
Ecosystem Functional Types (EFTs) (Paruelo et al. 2001, Alcaraz-Segura 2006).  
 
 
EFTs are different from Plant Functional Types (PFTs) which are groups of plants that 
have similar functioning (N fixation, photosynthetic pathways, etc.).  EFTs are groups 
of ecosystems that share functional characteristics in relation to the amount and timing 
of the exchanges of matter and energy between the biota and the physical environment, 
showing a coordinated and specific response to environmental factors.  PFT  identify 
the functioning of a plant and assign those attributes to a region with those plants (e.g. 
tree  forest), thus the bottom-up denomination.  EFTs are computed from satellite 
information (NDVI), so they do not identify the functions of a given plant, but instead 
identify an ecosystem that has homogeneous properties in terms of exchanges of en-
ergy and mass over a given region (top-down approach) (Alcaraz-Segura t al. 2010, 
manuscript in preparation).  In the EFT system, 64 EFTs are identif ed using “three 
descriptors” of carbon gain dynamics derived from seasonal curves of Normalized 
Difference Vegetation Index (NDVI).  The three descriptors a e (1) annual mean 
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(NDVI-I, surrogate of primary production), (2) amplitude of annual cycle or coeffi-
cient of variation (CV, indicator of seasonality), and (3) date of maximum NDVI 
(DMAX, descriptor of phenology) (Paruelo et al. 2001, Alcaraz-Segura et al. 2006).  
Figure 5.2 shows a simplified example for the seasonal curve of NDVI and the corre-
sponding three descriptors.  NDVI-I, CV, and DMAX capture 95% of the variance in 
a Principal Component Analysis of NDVI (Alcaraz-Segura et al. 2006, 2009).  For 
details, refer to Soriano and Paruelo (1992), Paruelo et al. (2001), and Alcaraz-Segura 
et al. (2006).  
 
In order to assign land-surface physical parameters to each EFT, 1-km horizontal reso-
lution dataset of the 1992 USGS global land-cover map was used.  From the 1-km 
global land-cover map, the corresponding 15 land-surface parameter maps based on 
the Noah land-surface model parameterization for the 1992 USGS land-cover classes 
were obtained.  Then, the 15 parameter maps are spatially superimposed to the EFTs 
classification for the year 1992 to spatially extract the mean land-surface parameter 
values of each EFT.  To show the spatial effect between the two approaches, the r la-
tive difference between the mean EFT- and USGS-derived parameters was estimat d 
using a formula (USGS-EFT) / USGS * 100.  Characterization of the inter-annual 
variability of the land surface properties is based on the year-to-year changes in the 
EFT distribution from 1982 to 1999 and the former land-surface parameterization of 
each EFT.  Both the coefficient of variation (standard deviation divided by mean) and 
the inter-quartile range divided by median were computed for each land-surface pa-
rameter as relative descriptors of the inter-annual differences.  The cumulative inter-
annual variability was also evaluated across all parameters (Alcaraz-Segura t al. 
2010, manuscript in preparation).   
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Figure 5.3 displays the USGS land-cover map, derived from the AVHRR data, 
through the 30- and 10-km model domains.  The USGS terrestrial datasets of 10’ and 
5’ resolutions were used for the coarse and fine domains, respectively.  In the figure, 
about 10 types among 24 types are seen in both domains, and somewhat detailed land-
cover distribution is seen at the finer resolution.  With USGS, we hav a tile with a 
combination of LULC types for each grid box.  With EFTs, we pick only e EFT for 





Figure 5.3: Land use/land cover maps used for CNTL. Left panels show the mother 
and nested domains. 
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 Figure 5.4 displays the EFT map, derived from the NDVI data, in the model domains.  
Unlike Fig. 5.3, all 64 EFT categories are seen in both domains with larger (smaller) 
values indicating higher (lower) productivity of the surface vegetation.  In Fig. 5.4, 
orange (brown) colored regions means high (low) net primary productivity.  In con-
trast with the Andes Mountain ranges and Patagonia, vigorous vegetation ac ivities 





Figure 5.4: Same as Fig. 5.3 but the ecosystem functional type map. 
 
 
5.2.3 Design of experiments for EFT impact 
WRF simulations consisted of two kinds of land cover datasets covering the period 
from September to November 1998.  The control run (CNTL) represented a model 
simulation with the default USGS land cover map (Fig. 5.3) in which there are various 
kinds of human-induced vegetations (dry cropland, irrigated cropland, and their mix-
ture) as well as natural vegetations (Savanna, evergreen broadleaf forest and grass-
lands in the northern, central, and southern parts of LPB, respectively).  
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In the experimental run (called EFT), we use the EFT map (Fig. 5.4) replacing the ex-
isting 24 USGS land-cover types by 64 EFTs.  In order to scrutinize the changes to th  
mechanisms that induce precipitation, we examine the surface fluxes, near-surface 
temperature and winds, the convective instability, and the moisture advection into the 
region.  All simulations are conducted from 0000 UTC 1 September 1998 to 0000 
UTC 1 December 1998, with NCEP/NCAR reanalysis data providing initial and 6-
hourly boundary conditions.  Experiment results for precipitation and 2-m air tem-
perature are compared with observations.  
 
Figure 5.5 displays the surface albedo and roughness length fields in CNTL and the 
difference EFT minus CNTL.  Surface albedo is low over evergreen broadleaf forest 
regions in the central LPB and the Amazonia (Fig. 5.5a).  The Andes mountain ranges 
have albedo higher than 25% with the maximum at higher latitudes south of 45° S.  It 
can be seen over the LPB that the maximum decrease (increase) in surface albedo oc-
curred in the southern (northern) LPB (Fig. 5.5b).   On the other hand,surface rough-
ness length shows the largest values over the evergreen broadleaf forest regions (Fig. 
5.5c).  It can be seen within the LPB that the maximum increase (decrease) in surface 





Figure 5.5: Three-month (SON 1998) averaged (a) CNTL and (b) EFT minus CNTL 
fields for surface albedo (%).  (c) and (d) are for surface roughness length (cm). 
 
 
Hereafter, the analysis focuses on the interior of the La Plat  B sin which is the study 
interest area.  To make the analysis simple, two rectangle boxes are drawn in the pan-
els as in subsection 4.4.2.  The upper box bounded by (66°W-46°W, 28°S-17°S) 
represents “the northern LPB” and the lower one bounded by (65°W-51°W, 37°S-
28°S) represents “the southern LPB”.  The latitude 28°S is properly located so that 
the northern LPB contains mixed albedo and the central eastern LPB has decreased 
roughness-length areas, while the southern LPB encompasses decreased albedo and 
increased roughness-length areas.   
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5.3 Effects of the new land-cover dataset on the numerical model simulation  
 
5.3.1 Surface precipitation and 2-m temperature 
In this subsection, model simulated precipitation and near-surface temperature results 
were verified against observation through frequently used two methods (bias and root-
mean-square-error).  Figure 5.6 shows spatial biases and root-mean-square errors 
(RMSEs) between simulated and observed precipitation for the whole t re  months 
(SON 1998).  The figure shows that the control run has overall negativ  biases except 
in the northwestern part of the basin.  In general, Fig. 5.6 indicates that model’s sys-
tematic biases are improved by the new land-cover dataset with he RMSE remained 
practically almost unchanged.  The new approach reduces model biases (i.e., system-
atic errors) especially in the southern LPB (Figs. 5.6a,b).  On the other hand, the 
RMSE (i.e., total error) for precipitation differences shows mixed effects, increasing 
in some regions and decreasing in others.  For example, the southern LPB shows re-
duced RMSEs, but over Paraguay the RMSE were increased (Figs. 5.6c,d).  The in-
creases in RMSE may indicate that the EFT experiment was less capable of simulat-
ing the day-to-day precipitation variability present in the observed, but may be partly 
related with the non-Gaussian nature of precipitation distribution.  This could be clari-





Figure 5.6: Biases in precipitation (mm day-1) for (a) CNTL – TRMM and (b) EFT – 
TRMM.  (c) and (d) are the same as (a) and (b), respectively, except for root-mean-
square-error (mm day-1). 
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Figure 5.7 shows time series of simulated and observed total accumulated precipita-
tion over the LPB during austral spring 1998.  Overall, the control run has sm ller 
precipitation than observed except at the beginning of the simulation in early Septem-
ber.  Such underestimation becomes clearer with time, and the difference from ob-
served precipitation reaches about 20-30 mm at the end of November 1998.  Use of
EFT data in the WRF model tends to increase accumulated precipitation, and the gap 
between EFT and CNTL increases with time.  This shows the positive benefits of us-
ing the new land-cover map to reduce the model bias, and suggests that if the simula-
tions were extended into summer, there would be a potential improvement in summer 




Figure 5.7: Time series of observed, CNTL and EFT accumulated precipitation (mm). 
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Figure 5.8 displays one-month averaged precipitation for November 1998.  First, with 
the introduction of the new land-cover data, the areas of total precipitation over 1 mm 
increase in the LPB.  Also, the horizontal precipitation distribution is substantially 




Figure 5.8: November-1998 averaged precipitation (mm day-1) for (a) observation, 




Figures 5.9a,b display the three-month averaged field of observed and simulated 2-m 
temperature, respectively.  Observed temperatures have maximum val es around lati-
tude 18°S and gradients of northwest-southeast directions (Fig. 5.9a).  CNTL repro-
duces well such patterns and show reasonable consistency with the spa ial distribution 
of observed temperature.  Figures 5.9c,d display the difference of CNTL from obser-
vations.  CNTL tends to have cold biases along the boundary of the LPB, while have 
warm biases in the southern Paraguay and north of Paraguay (Fig. 5.9c).  Figure 5.9d 
indicates that the warm bias over the southern Paraguay and the cold bias over the 
Uruguay are reduced with the use of the new land-cover dataset.   
 
Stations measuring temperature are even sparser than those measuring precipitation, 
and this dataset may have unreliable values over large ungauged regions, thus, the 
evaluation should not be more than qualitative.  In order to see how the monthly mean 
2-m temperature errors evolve with time, biases in 2-m temperature were calculated in 
the rectangle box (see location in Figs. 5.9c,d), which denotes low-altitude regions 
within the LPB and is thought to have better quality observation compared with 
mountainous regions within the basin.  Figure 5.10a presents the simulated minus ob-
served mean 2-m temperatures for each month in austral spring 1998.  All the three 
months have biases ranging from about -0.7 to 0.4 °C, and October has the largest 
magnitude among them.  The CNTL run has negative residuals in the first two months 
and then positive residuals.  The EFT run has the same phase but has smaller a pli-
tudes than CNTL in all the three months.  Consequently, use of EFT data instead of 
USGS land cover types in the model reduced biases in monthly mean 2-m tempera-
ture over the LPB by on average 54% (89%, 14% and 60% for each month) in spring 
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1998.  There was also general improvement in the root-mean-square-error (RMSE), 










Figure 5.10: (a) 2-m temperature biases (°C) and (b) root-mean-square-erro (°C) 




In the following sections, the effect of EFTs on other variables will be discussed to 
understand the mechanisms involved in the reduction of the biases and RMSEs.  
 
5.3.2 Surface heat fluxes and near-surface atmospheric variables 
Figures 5.11a,b present time series of the difference (EFT minus CNTL) of the area-
averaged surface heat fluxes over the two regions.  In the northern LPB, the replace-
ment of the USGS land-cover map by the EFTs produces a decrease in sens ble heat 
fluxes due to the increased surface albedo, and an increase in lat nt heat fluxes.  The 
southern LPB exhibits the opposite behavior in the sensible and latent heat fluxs time 
series, and the signal is relatively weak compared with the northern LPB.   
 
The changes in the surface heat fluxes are expected to alter the near-surface atmos-
pheric variables.  This can be seen in Figs. 5.11c,d where the two area-averaged time 
series of the difference (EFT minus CNTL) in 2-m temperature and 2-m specific hu-
midity.  The decreased (increased) sensible heat fluxes in thenorthern (southern) LPB 
give rise to a cooling (warming) near the surface (Fig. 5.11c).  The magnitude of the 
cooling is up to 0.5 °C, while the amount of the warming is below 0.8 °C.  On the 
other hand, the increase in latent heat fluxes in the northern produces the increase in 
specific humidity near the surface (Fig. 5.11d).  In the southern LPB, the latent heat 
fluxes are reduced but the corresponding 2-m specific humidity shows almost neutral 
changes.  This is explained by the fact that 2-m specific humidity is dependent on 





Figure 5.11: Time series of (a) sensible heat fluxes (W m-2), (b) latent heat fluxes (W 
m-2), (c) 2-m temperature (°C), (d) 2-m water vapor mixing ratio (g kg-1), and (e) 10-
m wind speed (m s-1).  All are 5-day running averaged.  
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Roughness lengths play a crucial role in determining near-surface wind direction and 
speed.  The increase of the roughness length forces a reduction of 10-m wind speed in 
both northern and southern LPB regions (Fig. 5.11e).  The southern LPB exhibits a 
larger decrease in near-surface winds since the maximum increase in surface rough-
ness occurs there.  It is noted that the magnitude of the difference in wind speed does 
not exceed 1 m s-1 in the original time series without 5-day moving average (not 
shown), but the effect is very systematic and lasts during much of the model integra-
tion period.   
 
Figure 5.12 shows the 3-month average of the 10-m wind fields over the LPB.  Figure 
5.12a shows that winds have a strong easterly component under the USGS land cover 
condition.  However, the easterly wind decreases (westerly anomalies) with the use of 
EFTs especially in the southern LPB (Fig. 5.12b).  Although the alteration of near-
surface winds is shown at 10-m height, the changes in lower-level winds are expected 
to modify higher-level wind flows and distributions. 
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Figure 5.12: Three-month (SON 1998) averaged (a) CNTL and (b) EFT minus CNTL 
for 10-m wind vector fields (m s-1).  (c) and (d) are for 10-m wind speed, and contour 
intervals in (d) are 0.1 m s-1. 
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5.3.3 Local thermodynamic forcing 
 
The changes in the low level atmospheric conditions (e.g., 2-m T and 2-m Q) are ex-
pected to induce changes in atmospheric instability.  Figure 5.13 displays the simu-
lated 3-month average of the MCAPE and MCIN fields.  In general there is relatively 
large MCAPE and MCIN over Paraguay in the control run (Figs. 5.13a,b).   
 
The difference field (EFT-CNTL) shows that use of the new land-cover map would 
increase MCAPE in the northern LPB including Paraguay, while it would slightly de-
crease MCAPE in the southern LPB (Fig. 5.13c).  The increase in MCAPE in the 
northern LPB (Fig 5.13c) is associated with the increase in the la ent heat flux (Fig. 
5.11b).   Figure 5.13d shows that use of the new landscape data decreases MCIN in 
the southern LPB, but has neutral impact in the northern LPB.  Because large values 
of CAPE and small values of CIN are favorable conditions for local convection and 
precipitation, the increased CAPE over the northern LPB implies a higher possibility 




Figure 5.13: Three-month (SON 1998) averaged CNTL for (a) maximum CAPE 
(MCAPE) and (b) maximum CIN (MCIN) (Units: J kg-1).  (c) and (d) are for EFT mi-




5.3.4 Large-scale horizontal moisture flows  
The local thermodynamic instability alone cannot fully explain the c anges in precipi-
tation in the LPB.  The change in surface precipitation is also the consequence of the 
alteration in moisture transport into the LPB.  Such an alteration can be inferred from 
the previous section (Fig. 5.12), where the reduction of near-surface winds is expected 
to influence higher-level moisture flows and distributions.   
 
Figure 5.14 displays the 3-month averaged moisture flux, vertically integrated from 
1000 hPa to 300 hPa, and the corresponding convergence and divergence fields.  Th  
control run (Fig. 5.14a) shows consistent features with previous climato ogies derived 
from global reanalyses (Labraga et al. 2000; Berbery and Barros 2002; Doyle and 
Barros 2002; Marengo et al. 2004), short-term regional forecasts (Silva and Berbery 
2006), and month- or season-long simulations (Collini et al. 2008; Chapter 4).  The 
largest southeastward moisture transport exists over the northwestern LPB including 
Bolivia and Paraguay (Fig. 5.14b).  It supplies moisture into the LPB from the Ama-






Figure 5.14: Three-month (SON 1998) averaged CNTL for (a) vertically integrat d 
moisture fluxes in kg (m s)-1 and (b) their convergence in mm day-1.  (c) and (d) are 
for EFT minus CNTL. Shaded areas in (a) and (c) are model terrain height (km), and 
the moisture flux convergence (divergence) is positive (negative) in (b) and (d). 
 
 
Figures 5.14c,d show that use of the new land-cover map modifies regonal moisture 
transports.  Figure 5.14c indicates that westerly moisture flows are produced in the 
southern LPB and most of them turn their direction toward the north in the orthern 
LPB.  Some of the westerly moisture flows keep going eastward and create relatively 
small perturbations in moisture fluxes over the South Atlantic Ocean.  The Brazilian 
Highlands seem to play an important role in the splitting of the westerly moisture flow.  
And then, the westerly (southerly) moisture fluxes in the southern (northern) LPB 
produces moisture flux convergence in the southern LPB (Fig. 5.14d).  In the nort rn 
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LPB, both moisture flux convergence and divergence are produced, and on average 
moisture flux convergence is somewhat larger with its maximum in the northern 
Paraguay.  All these features suggest that precipitation in the southern LPB would be 
supported mainly by the large-scale moisture flux convergence rath r than local ther-




Figures 5.15a,b display the 3-month averaged total precipitation in CNTL and the dif-
ference (EFT minus CNTL).  The control precipitation field shows overall consis-
tency with the vertically-integrated moisture flux convergence and divergence fields 
in Fig. 5.14b in both the northern LPB and the southern LPB.  The regions of precipi-
tation increase (decrease) are collocated with vertically integrated moisture flux con-
vergence (divergence).  The difference field (Fig. 5.15b) also corresponds well with 
the moisture flux convergence field in Fig. 5.14d.  On the other hand, compared with 
the MCAPE difference field (Fig. 5.13c), the northern LPB precipitation difference 
corresponds well with it, but the southern LPB does not.  
 
The total precipitation difference (Fig. 5.15b) between CNTL and EFT can be under-
stood as the combined effects of both local (subsection 5.3.3) and large-scle (subsec-
tion 5.3.4) forcings induced by use of the new land-cover map.  Figures 5.15c,d dis-
play area-averaged time series of the difference (EFT minus CNTL) in convective and 
non-convective precipitation over the northern LPB and the southern LPB.  They re-
veal that the northern LPB and the southern LPB have clear diffeenc s in the precipi-
tation type.  The northern LPB exhibits increases in both convective and non-
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convective precipitation with time.  The southern LPB shows a similar increase as the 
northern LPB in non-convective precipitation but has almost no change in convective 
precipitation.  This means that in the northern LPB both local thermodynamic and 
large-scale dynamic forcings are increased, while in the southern LPB only a large-
scale dynamic forcing increased with the use of new land-cover map.   
 
 
Figure 5.15: Three-month (SON 1998) averaged (a) CNTL and (b) EFT minus CNTL 
for surface precipitation (mm day-1).  Time series of three-month averaged fields of 
the difference (EFT minus CNTL) in (c) convective precipitation a d (d) non-
convective precipitation (Units: mm day-1).  In (c) and (d), the time series is 5-day 





5.4 Summary and conclusions 
 
In the recent past, the accuracy of numerical weather and climate predictions and 
simulations has been improved with the help of the satellite-derived surface informa-
tion.  In this chapter, a new concept of a land-cover classification, called Ecosystem 
Functional Types (EFTs), was introduced in a numerical mesoscale mod l.  EFTs are 
patches of the land-surface with similar carbon gain dynamics and consist of 64 func-
tional categories of ecosystems.  In a first approximation, the physical properties of 
each EFT were obtained by overlapping the land cover types and EFTs, and then as-
signing the properties of the given land cover type to the corresponding EFT.  The ef-
fect of this incorporation on model simulations was investigated in the La Plata Basin 
in South America for spring 1998.  
 
Compared with the existing USGS land-cover dataset, the use of the new data set 
shows substantial changes in surface albedo and roughness length fields.  Such 
changes produce alterations in surface fluxes and near-surface atmospheric variables 
resulting in changes in local thermodynamic forcing and large-scale moisture flow 
patterns.   
 
Through qualitative and quantitative comparisons with observations, it is found that in 
general the new approach improves model performance for precipitation and 2-m 
temperature simulations both in magnitude and spatial distribution.  These encourag-
ing results indicate the value of the EFT information and the need for weather/climate 
models to incorporate it to increase the accuracy of forecasts and simulations.   
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Chapter 6: Impact of Ecosystem Functional Type Changes 
on the Climate of the La Plata Basin  
 
6.1 Background  
 
In Chapter 4, we performed ensemble simulations for an extreme land-cover change 
scenario using the WRF system based on a two-way interactive nest d grid.  However, 
the scenario was based on the conventional land-cover and land-use types and a -
sumed hypothetically idealized changes of them.  In order to understand the impact of 
historically occurred land-cover changes on the climate of the LPB, model simula-
tions based on actually occurred land-surface changes are required.  In that sense, the 
EFT data, introduced in the previous chapter, can be utilized to represent more realis-
tically the land-surface changes.  The EFT data are composed of 64 types and avail-
able at 1 year interval, having the advantage of better representing diverse surface 
ecosystem functions and allowing a shorter and more detailed response to surface 
changes.  Thus, applications of EFT data to diverse regional climate nvestigations are 
encouraged due to the promising results discussed in Chapter 5.  
 
In Chapter 5, the EFT dataset was implemented in the WRF model syst m and 
showed that its incorporation, in replacement of the traditional USGS land cover data-
set in a regional climate model, improved the accuracy in climate simulations of 2-m 
air temperature and surface precipitation over the LPB.  This chapter, following the 
results in Chapter 5, aims at exploring the impact of the interannual variability of 
land-use and land-cover changes (using EFTs) on the climate of th  LPB.  For this 
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purpose, two numerical simulations consisting of September to November of 1988 
and 1998 were performed using the EFTs corresponding to each year.  Then, two 
other simulations for the same periods were performed but interchanging the surface 
conditions, i.e., the EFTs.  In other words, the spring of 1988 was simulated with the 
EFTs corresponding to 1988 first, and then with the EFTs corresponding to 1998.  The 
same was done for 1998.  The idea was to understand how the surface conditions af-
fected the interannual variability when the large scale forcing (through the lateral 
boundary conditions) remains unchanged.  In order to understand the feedbacks be-
tween surface conditions and the hydrologic cycle over the LPB, the impact of the 
EFT changes between 1988 and 1998 on the surface heat fluxes, near-surface atmos-
pheric variables, local thermodynamic instabilities, large-scale moisture flux conver-
gence, and lastly surface precipitation is examined.  The WRF model and its configu-




Currently, EFT maps are available at 1 year interval for the southern South America 
from 1982 to 1999, except for the year 1994 due to satellite failures.  The 1988 and 
1998 spring season periods were chosen for the simulation because they correspond, 
respectively, to low and high “net primary productivity” (low and high values of 
EFTs) over the LPB.  Figure 6.1 shows three-month mean precipitation fields from 
raingauge data during September to November 1988 and 1998.  General pattens in 
precipitation distribution are similar to each other with the largest precipitation lo-
cated in the southeastern part of the LPB.  Compared with year 1988, year 1998 had 
an overall increase in precipitation and the maximum precipitation region was some-
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what shifted toward the northeast.  The shift leads to a reduction in precipitation over 




Figure 6.1: Three-month average observed precipitation for spring (SON) (a) 1988 
and (b) 1998 (Unit: mm day-1). 
 
 
The two periods also showed very different characteristics in spatial distribution and 
the magnitude of EFT productivities.  Figure 6.2 shows the EFT maps for the two 
years over coarse and fine model grids.  Orange colored regions mea higher carbon 
productivity by vegetation, while dark brown colored regions mean lower carbon pro-
ductivity.  The Andes Mountain ranges exhibit very little changes in EFTs, while the 
LPB presents dramatic changes in the EFTs.  The year 1998 had an over ll higher 
productivity than the year 1988, and this implies that more vigorous exchanges of 
mass and energy existed in 1998.  Hereafter, the EFT conditions in 1988 and 1998 are 
called “LowEFT” and “HighEFT”, respectively.  
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Figure 6.2: Ecosystem functional type data used for the coarse (upper) and the fine 
(bottom) model grids.  Left (right) panels are for year 1988 EFT (1998 EFT).  Orange 
(dark brown) colored regions denote higher (lower) carbon productivity of vegetation. 
 
 
Based on Figs. 6.1 and 6.2, pairs of simulations were carried out for September-
November 1988 (a dry year) and 1998 (a wet year).  Within a given pair, one member 
employed LowEFT as the surface boundary condition, while the other used HighEFT.  
This experimental design permits us to examine the general impact of EFT changes 
on the climate of the LPB, that is, how simulation results using ident cal lateral 
boundary conditions (large scale forcing) for each year would be affected by using 
different land surface forcings.  
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6.3 Results  
 
6.3.1 Changes in surface physical properties and surface energy balance 
Figure 6.3 shows the surface albedo and roughness length fields for LowEFT and the 
difference (HighEFT minus LowEFT) over the LPB.  Figures 6.3a,b show that in case 
of LowEFT, the central eastern LPB has relatively small surface albedo (< 15%) and 
large roughness length (> 35 cm).  Compared with LowEFT, the HighEFT field gen-
erally has smaller surface albedo (Fig. 6.3c) and larger surface oughness length (Fig. 
6.3d) over the LPB.  In particular, the southern LPB below 27˚ S (Uruguay and its 
neighbor regions) has the largest decrease in albedo and the largest increase in rough-
ness length (Figs. 6.3c,d).   
 
Figure 6.4 illustrates the model-simulated 3-month averaged diurnal cycle of the sur-
face energy balance over the LPB for 1988 and 1998.  The simulated surface energy 
budget over the LPB in spring 1988 and 1998 shows that the sensible heat flux is an 
important energy component, and the latent and the ground heat fluxes are approxi-
mately two times smaller than the sensible heat flux (Figs. 6.4a,b).  Figure 6.4b shows 
that the latent (sensible) heat flux is larger (smaller) in 1998, and this is because the 
year 1998 was a wetter year.   
 
Figures 6.4c,d show that the EFT changes on average increase sensible heat, latent 
heat, ground heat and net radiation fluxes over the LPB for both dry an  wet years.  
This is consistent with Beltrán-Przekurat et al. (2010) which showed that for land-use 
and land-cover change scenarios, the surface energy fluxes and temperature changes 
remained in general the same in two contrasting ENSO years.  The increase in sensi-
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ble heat fluxes due to the EFT changes is mainly associated wi h the decreased sur-




Figure 6.3: (a) Albedo (%) and (b) roughness length (cm) fields corresponding to 
year 1988 EFT condition (LowEFT), and their differences from year 1998 EFT 







Figure 6.4: Three-month (SON 1988 and 1998) mean diurnal cycle of surface fluxes 
(W m-2) averaged over La Plata Basin.  Solid and dotted lines denote LowEFT and 
HighEFT, respectively, for (a) year 1988 and (b) year 1998.  (c) and (d) show the dif-
ferences HighEFT – LowEFT.  Black: Net radiation; Red: Turbulent sensible heat 
flux; Green: Turbulent latent heat flux; Blue: Conductive ground heat flux. 
 
 
However, Figs. 6.4c,d also illustrate that the EFT changes have different effects on 
partitioning of net radiation into sensible and latent heat fluxes.  For 1988, the major 
impact of using higher EFT is to increase sensible heat fluxes, but for 1998 the main 
effect of using higher EFT is to increase latent heat fluxes.  This indicates that the im-
pact of EFT increase over the LPB is working toward increasing ensible heat fluxes 
in a dry year, and latent heat fluxes in a wet year.  
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6.3.2 Changes in near-surface variables  
The horizontal distributions of sensible and latent heat fluxes in the LPB play impor-
tant roles in determining near-surface temperature and humidity.  Fgure 6.5 shows 
the three-month averaged 2-m temperature (°C) fields for 1988 and 1998 using 
LowEFT, and their differences from using HighEFT.  The spatial gr dient of near-
surface temperature is similar between the two years and the main difference occurs 
over the northern LPB, where year 1998 shows colder spring temperature than 1988 
(Figs. 6.5a,b).  Figures 6.5c,d show that in general EFT changes over the LPB in-
crease near-surface temperature for both 1988 and 1998.  This is directly related with 
the increased sensible heat fluxes by the reduced surface albedo as shown in Figs. 
6.4c,d.  The largest temperature increase is mainly located around Paraguay and Uru-
guay reaching +0.6 to +0.8°C.  There are weak cooling regions near the northwestern 
boundary of the LPB and west of Uruguay.  The two numbers in the bottom panels 
denote mean and standard deviation of corresponding fields.  The statistics indicate 
that the net impact of EFT changes on the near-surface temperature over the LPB is 
positive and the corresponding variability is somewhat larger in a dry year.      
 
Figure 6.6 presents the three-month averaged 2-m water vapor mixing ratio fields (g 
kg-1) for 1988 and 1998 using LowEFT, and their differences from using HighEFT.  It 
can be seen that year 1998 has larger 2-m humidity over Paraguay (Figs. 6.6a,b).  The 
maximum increase region lies in the western LPB for both 1988 and 1998.  The 
maximum decrease region is in the northeastern LPB for 1988, but is in the southeast-
ern LPB for 1998 (Figs. 6.6c,d).  In general, the net impact of EFT changes on the 
near-surface humidity is positive and the corresponding variability is bigger in a wet 





Figure 6.5: Three-month averaged 2-m temperature (°C) fields for (a) 1988 and (b) 
1998 using LowEFT, and their differences from using HighEFT for (c) 1988 and (d) 





Figure 6.6: Same as Fig. 6.5 but for 2-m water vapor mixing ratio (g kg-1). 
 
 
Figure 6.7 shows the three-month averaged 10-m wind fields for 1988 and 1998 using 
LowEFT and, their differences from using HighEFT.  Both years of 1988 and 1998 
have larger wind speed in the eastern LPB and easterly component wi ds are domi-
nant (Figs. 6.7a,b).  For the year 1988, EFT changes produce overall decreases in the 
10-m wind speed (Fig. 6.7c).  Such decreases are also seen for the year 1998, but the 
maximum values appear at different locations (Figs. 6.7c,d).  In response to the EFT 
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changes, northwesterly wind anomalies over Paraguay and westerly wind anomalies 
over the southern Brazil are produced for the dry year (Fig. 6.7c), but northerly wind 
anomalies over Paraguay are formed for the wet year (Fig. 6.7d).  The net impact of 
EFT changes on the near-surface wind is negative and the corresponding variability is 









6.3.3 Changes in local thermodynamic forcing  
The changes in the surface fluxes and surface energy balance are expected to influ-
ence atmospheric instabilities in the vertical.  The convective available potential en-
ergy (CAPE) and convective inhibition (CIN) are useful tools for analyzing local 
thermodynamic processes that contribute to the development of precipitation.  The 
CAPE (CIN) is the amount of positively (negatively) buoyant energy in the vertical 
sounding of temperature, and both are defined as positive signs in thischapter.  The 
CAPE (CIN) can be understood as a thermodynamic forcing facilitating (inhibiting) 
local convection and precipitation (Bluestein 1993; Barlow et al. 1998).  To simplify 
the analysis, the maximum values from the vertical profiles of CAPE and CIN at hori-
zontal grid points were used and named as MCAPE and MCIN, respectively.   
 
Figure 6.8 shows the three-month averaged MCAPE over the LPB for 1988 and 1998 
using LowEFT, and their differences from using HighEFT.  The two years 1988 and 
1998 have comparatively large MCAPE over Paraguay for the given same LowEFT 
condition (Figs. 6.8a,b).  Given the EFT changes, year 1988 shows small magnitude 
of MCAPE changes and the signal is weak (Fig. 6.8c).  Compared with year 1988, 
EFT changes in the LPB give rise to more striking modifications n MCAPE field for 
year 1998 (Fig. 6.8d).  For year 1998, the largest increase in MCAPE occurs over the 
northern Paraguay, and the biggest decrease in the southern LPB, especially between 
Paraguay and Uruguay (Fig. 6.8d).  The MCAPE difference fields (Figs. 6.8c,d) due 
to EFT changes are associated with the 2-m water vapor mixing ratio fields in Fig. 6.6.  
Regions of the maximum increase (decrease) in MCAPE tend to correspond to re-
gions of the maximum increase (decrease) in 2-m water vapor mixing ratio especially 
for 1998.  All these indicate that the net impact of EFT increase on atmospheric insta-
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Figure 6.9 shows the three-month averaged MCIN over the LPB for 1988 and 1998 
using LowEFT, and their differences from using HighEFT.  The two years 1988 and 
1998 have comparatively large MCIN around Paraguay for the given same LowEFT 
condition, but year 1998 has larger values of MCIN around the northern Paraguay 
(Figs. 6.9a,b).  Compared with MCAPE (Figs. 6.8c,d), the difference field (Figs. 
6.9c,d) of MCIN has less organized structure, and shows some reverse patterns for the 
two years, for example, over the northwestern and the southeastern parts of the basin.  
It should be noted from Figs. 6.8c,d and 6.9c,d that the northwestern LPB has a favor-
able condition for local convective precipitation due to the increased MCAPE and the 
decreased MCIN.  The net impact of higher EFTs on the MCIN is positive for both a 
dry year and a wet year, and the variability of MCIN corresponding to the EFT change 
is almost the same between a dry year and a wet year (Figs. 6.9c,d).  The effect of 
EFT changes on the MCIN field does not show much dependency on the two contrast-
ing years (Figs. 6.9c,d), and this is contrasted with MCAPE (Figs. 6.8c,d) which 
shows highly different features between a dry year and a wet year.  Therefore, it is 
expected that the MCAPE field would play a practical role in determining the local 
convective precipitation. 
 
6.3.4 Changes in large-scale horizontal moisture flows 
We cannot say that the change in precipitation over the LPB is the only consequence 
of changes in the MCAPE and MCIN fields.  The change in the surface fluxes and 
near-surface atmospheric variables can affect not only local inst b lities, but also re-




Figure 6.9: Same as Fig. 6.5 but for maximum CIN (J kg-1). 
 
 
In fact, a major reason for variability in precipitation over LPB is moisture ransported 
from Amazon basin by Low-Level Jets (LLJs).  Figure 6.10 presents the horizontal 
moisture flux, vertically integrated from 1000 hPa to 300 hPa, for 1988 and 1998 us-
ing LowEFT, and their differences from using HighEFT.  The conver-
gence/divergence of the moisture fluxes is shaded using the color scale at the right of 
the figure.  The changes in moisture flux and its convergence/divergence over LPB 
are related with the increased near-surface wind due to the reduction in roughness 
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length, as shown in Figs. 6.3d and 6.7c,d.  Figures 6.10a,b illustrate the well-known 
moisture supply to the LPB by the northerly LLJ during the warm season.  A region 
of southward low-level moisture flux into the LPB occurs through the relativ ly low-
altitude lands formed between the Andes Mountain ranges and the Brazilian High-
lands.  The wet year 1998 has larger moisture transport from the north and the region 
of largest moisture flux convergence is seen around Paraguay (Fig. 6.10b).   
 
Using higher EFTs over the LPB produces changes in moisture flows and the associ-
ated convergence/divergence fields.  For year 1998, the impact of EFT changes on 
moisture flows are more organized and produce an anticyclonic anomaly near central 
Paraguay (Fig. 6.10d).  The net impact of EFT changes on the large-scale moisture 
transport is almost neutral and the corresponding variability is slightly larger in a wet 
year.  On the other hand, Figs. 6.10e,f show moisture fluxes and their convergence 
vertically integrated from 1000 hPa to 850 hPa.  Although the net impact of EFT 
changes on the moisture flux convergence and the corresponding variability is similar 
to the one vertically integrated from 1000 hPa to 300 hPa, the intensity of moisture 
flux convergence is strong since atmospheric humidity is concentratd at lower alti-
tudes.  Figures 6.10e,f show that overall effects of EFT changes on the lower tropo-
spheric moisture convergence are increases (decreases) of precipitation in the north-
western (southern) LPB.  
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Figure 6.10: (a)-(d) Same as Fig. 6.5 but for vertically integrated moisture fluxes (kg 
(m s)-1) and their convergence (mm day-1).  (e)-(f) Same as (c)-(d) but for moisture 




6.3.5 Changes in precipitation 
As a reasonable approximation, precipitation over the LPB can be understood as a 
combined product of local thermodynamic effects and larger-scale dynamical effects 
discussed in section 6.3.3 and 6.3.4, respectively.  Figure 6.11 presents the three-
month average precipitation field for 1988 and 1998 using LowEFT, and their diff r-
ences from using HighEFT.  Precipitation difference between th  two years under the 
LowEFT condition is striking, and precipitation increases greatly overParaguay in the 
wet year (Figs. 6.11a,b).  Such an increase of precipitation over Paraguay is consistent 
with the large MCAPE (Fig. 6.8b) and the large moisture flux convergence (Fig. 
6.10b) over Paraguay in the wet year. 
 
Figures 6.11c,d indicate that the net impact of high EFTs on the total precipitation is 
positive for both years, and the corresponding variability is larger in a wet year.  For a 
dry (wet) year, the net increase in precipitation is weak (strong).  Figure 6.11d shows 
that due to the high EFTs, precipitation is in general increased over n rthern LPB 
above latitude 26˚ S, but is decreased in southern Paraguay.  Figures 6.10c,d and 
6.11c,d show an overall agreement between total precipitation and vertically inte-
grated moisture flux convergence.  The regions of precipitation increase (decrease) 
are collocated with vertically integrated moisture flux convergence (divergence) for 
both dry and wet years. 
 
Figures 6.11e,f are same as Figs. 6.11c,d but for the convective component of total 
precipitation.  It can be seen that the net effect of EFT changes on the convective pre-
cipitation is positive for both dry and wet years, and the corresponding variability is 
larger in a wet year.  The horizontal distribution of the convecti and total precipita-
tion looks somewhat similar to each other except for the magnitude.  It needs to be 
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noted that the northern LPB has dominant increases in the convective precipitation for 
the wet year (Fig. 6.11f), and this seems to be related with the MCAPE field in Fig. 
6.8d.   
 
 
Figure 6.11: (a)-(d) Same as Fig. 6.5 but for total precipitation (mm day-1).  (e)-(f) 
Same as (c)-(d) but for convective component of total precipitation. 
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6.3.6 Comparison with observed changes in precipitation and 2-m temperature 
Figure 6.12 shows the observed changes in precipitation and 2-m temperature from 
1988 to 1998.  Figure 6.12a shows that precipitation increased over the northern LPB, 
while precipitation was reduced in the southern LPB.  The region of the maximum 
increase (decrease) in precipitation is located east of the southern Paraguay (around 
Uruguay).  Figure 6.12b presents that year 1998 had colder near-surface temperature 
over the northern LPB, while it had slightly warmer near-surface temperature over the 
northeastern and southwestern LPB.  All these changes between 1988 and 1998 
should be attributed not only to land surface changes but also to diverse forcings 
driven by atmosphere, ocean, aerosol, and teleconnection etc.  Neverthelss, it is clear 
that the observed changes in precipitation from 1988 to 1998 are similar to the simu-
lated changes.  For example, the signals of observed changes in precipitation (Fig. 
6.12a) are found in the simulated MCAPE (Fig. 6.8d), vertically integra d moisture 
flux convergence (Figs. 6.10e,f) and convective precipitation fields (Fig. 6.11f).  This 
indicates that the effect of EFT changes contributed to the observed p ecipitation 
fields.  EFT changes in a wet year may induce a large incrase of CAPE especially in 
the northern LPB, and facilitate the development of Mesoscale Convective Systems 






Figure 6.12: Observed changes in (a) precipitation (mm day-1) and (b) 2-m air tem-
perature (°C) from 1988 and 1998. 
 
 
The observed changes in 2-m temperature (Fig. 6.12b) from 1988 to 1998 are similar 
to the simulated fields (Figs. 6.5c,d) over the southern LPB, especially around Uru-
guay.  This is explained by the fact that the largest changes in the surface albedo and 
roughness length occurred mainly in the southern LPB especially around Uruguay 
(see Figs. 6.3c,d), and thus the effect of EFT changes are concentrated in those re-
gions.  However, the other regions show the opposite features between he simulated 
and observed 2-m temperature.  This implies that those regions are strongly affected 










6.4 Summary and concluding remarks 
 
The climate of the La Plata Basin in South America is subject to land-cover and land-
use changes with important consequences for the environment.  Two contrasting years 
(a dry year and a wet year) are chosen to investigate the interan ual variability of 
land-atmosphere interactions and their effect on regional climate.  According to EFT 
maps and their properties over the LPB, the surface albedo was lo er for 1998 than 
for 1988.  The surface roughness length was higher in 1998 than in 1988.  In this
chapter, the Weather Research and Forecast (WRF) modeling system and Ecosystem 
Functional Type data were used to explore the role of varying land cover conditions 
from 1988 to 1998 in the regional climate over the LPB.  The EFT changes between 
1988 and 1998 are applied to a dry year (1988) and a wet year (1998), respectiv ly, to 
examine the dependence of the same land surface forcing on the two different years.   
 
When the 1988 EFT data were replaced with the 1998 EFT data (higher net p imary 
productivity), the simulated spatial patterns of the surface heat fluxes, near-surface 
atmospheric variables, and local thermodynamic and larger-scale dynamic forcings, 
and surface precipitaiton were altered.  Table 6.1 summarizes the impact of EFT 
changes on all those prognostic variables.  It is found that the rangof surface and 
atmospheric responses to the given EFT changes is bigger in a dy year for 2-m tem-
perature and 10-m wind, while is bigger in a wet year for 2-m water mixing ratio, 
convective available potential energy, vertically-integrated moisture fluxes and pre-
cipitation.  This indicates that the impact of land-cover land-use changes on the cli-
mate of the LPB is dependent not only on the wetness of the year, but also on mete-
orological or climate variables.    
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Table 6.1: The impact of EFT changes (HighEFT – LowEFT) on the following vari-
ables. The mean values are shown in the table with standard deviation denoted by (  ).   
(Basin Averaged) Dry year 
(IC and LBC of 
1988) 
Wet year 
(IC and LBC of 
1998) 
2-m Temperature (℃) 0.25 (0.56) 0.23 (0.51) 
2-m water vapor mixing ratio (g kg-1) 0.04 (0.24) 0.08 (0.28) 
10-m wind speed (m s-1) -0.11 (0.20) -0.09 (0.16) 
Max. CAPE (J kg-1) 2.69 (8.18) 8.02 (18.92) 
Max. CIN (J kg-1) 0.18 (1.97) 0.25 (1.95) 
1000-300hPa vertically integrated 
MFC (mm day-1) 
-0.012 (1.26) 0.001 (1.45) 
1000-850 vertically integrated MFC 0.05 (1.46) -0.06 (1.58) 
Precipitation (mm day-1) 0.02 (0.52) 0.08 (0.72) 
Convective precipitation (mm day-1) 0.003 (0.174) 0.046 (0.276) 
 
 
According to comparisons with observations, the simulated precipitation difference 
resulting from EFT changes holds the overall pattern of observed changes.  The simu-
lated 2-m temperature difference due to EFT changes also reflects observed changes 
over the southern LPB.  In particular, over Uruguay in the southern LPB where the 
most significant EFT change occurred, higher EFTs led to an increase in the 2-m tem-
perature especially for a dry year (Fig. 6.5c) and an overall decrease in the spring total 
precipitation especially for a wet year (Figs. 6.11d,f).  This is in agreement with pre-
vious modeling studies (e.g., Narisma and Pitman 2003, Marshall et al. 2004, Pon-
gratz et al. 2006, McAlpine et al. 2007) that indicate decreasing regional precipitation 
and increasing temperature due to historical land cover changes. 
 
Therefore, ecosystem functional type changes can provide important lower boundary 
information for model simulations of regional climate, particularly over the LPB, and 
it is highly desirable that they are monitored on a regular basis.  The relations between 
EFTs and climate deserve further exploration both for climate and ecology studies, 
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and the results could be used for a guided land-use planning and more efficient land-
surface management policy.    
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Chapter 7: Summary 
 
7.1 Regional climate response to land-cover/land-use change over the La Plata 
Basin 
 
During the last few decades, deforestation and replacement of natural pastures by ag-
riculture have become a common practice in the La Plata Basin in South America.  
The changes in vegetation may produce changes in physical properties like the surfac
albedo, the surface roughness length, evapotranspiration, infiltration, and water stor-
age eventually affecting the development of precipitation and ultimately th  hydro-
climate of the basin.   
 
To study the role of changing land cover conditions in the La Plat B sin, the Weather 
Research and Forecast (WRF) modeling system was employed.  Ensembles of sea-
sonal simulations were prepared for a control case and two extreme land cover scenar-
ios: the first one assumes an expansion of the agricultural activities and the second 
one assumes a “natural” vegetation cover where no croplands are present.  These 
highly idealized scenarios have the purpose of helping understand the potential 
changes to physical mechanisms before attempting simulations with more realistic 
conditions.  In order to examine the changes to the mechanisms that induce precipita-
tion, the land-atmosphere interactions were examined, as well as their role in modify-
ing the boundary layer, the convective instability, the low level moisture fluxes, and 
lastly, precipitation. 
 
An extreme anthropogenic land-cover change -simulating an extensive agricultural 
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practice- implies that the northern part of the basin, where croplands replace forests 
and savanna, would experience an overall increase in albedo and reduced surface fric-
tion.  The two changes lead to a reduction of sensible heat flux and surface tempera-
ture, and a somewhat higher evapotranspiration due to decreased stomatal resist nce 
and stronger near-surface winds.  The effect on sensible heat flux seems to dominate 
and leads to a reduction in convective instability.  The stronger low level winds due to 
reduced friction also imply a larger amount of moisture advected out of the basin, and 
thus resulting in reduced moisture flux convergence (MFC) within the basin.  The two 
effects, increased stability and reduced MFC, result in a reduction of precipitation.  
On the other hand, the southern part of the basin exhibits the opposite behavior, as 
crops would replace grasslands, resulting in reduced albedo, a slight increase of sur-
face temperature and increased precipitation.  Notably, the results are not strictly local, 
as advective processes tend to modify the circulation and precipitation patterns down-
stream over the South Atlantic Ocean, and even a potential linkage betw en the basin 
and the tropical regions is implied.  
 
7.2 Usefulness of newly developed Ecosystem Functional Types (EFTs) in a 
mesoscale regional climate model 
 
Accurate specification of the land surface state is important in umerical weather and 
climate prediction and simulation studies.  For that purpose, recent efforts have fo-
cused upon using satellite-based land cover data in the numerical models to substitute 
for the existing ground-based land cover data which are estimated by a multi-year 
climatology.  Those efforts were realized in state-of-the-art numerical models like the 
fifth-generation Pennsylvania State University-National Center for Atmospheric Re-
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search (PSU-NCAR) Mesoscale Model (MM5) and the Weather and Research Fore-
casting (WRF) model.  
 
However, both ground-based and satellite-derived datasets are using a land-cover 
classification dictated by “structural” attributes of vegetation, and are insensitive to 
rapid and complex environmental changes.  In this study, a new concept of land-
surface state representation which is based on “functional” attributes of ecosystems, 
was introduced and the new land cover classification (Ecosystem Functional Type) 
dataset was successfully incorporated in the WRF Model.    
 
In order to explore the usefulness of the EFT data in simulations of surface and at-
mospheric variables, numerical simulations of the WRF Model, using both the U.S. 
Geological Survey (USGS) and the EFT data, are conducted for the austral spring of 
1998 and are compared with observations.  Results show that use of the EFT data im-
proves the climate simulation of 2-m temperature and precipitation, implying the need 
for this type of information to be included in numerical climate models.  In particular, 
with the use of EFT data in replacement of USGS data, the southern LPB had an in-
crease in large-scale MFC, while the northern LPB had increases in both CAPE and 
large-scale MFC.  These two effects produced overall enhancemet of precipitation 
over the LPB and led to a substantial reduction in precipitation bias, i.e., partially cor-
rected the lack of model precipitation.     
 
7.3 Impact of variable EFTs on the climate of the La Plata Basin 
 
The Ecosystem Functional Types (EFTs) is a newly devised land-cover classification 
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to characterize the spatial and inter-annual variability of surface vegetation dynamics.  
It is composed of 64 functional attributes of vegetation describing ts energy and gas 
exchange with the atmosphere, and provides more detailed information in space and 
time compared with the existing satellite-derived land-cover classification.  
 
During the last few decades, the La Plata Basin (LPB) in South America has shown a 
large spatial and interannual variability of the EFTs.  Those variations mean that 
changes in the surface physical parameters, such as albedo and roughness length, have 
occurred over the basin due to natural and anthropogenic activities, and might have 
contributed to the regional climate variability and change.      
 
In this study, the effect of EFT changes on the climate of the LPB is investigated us-
ing the Weather and Research Forecasting (WRF) model configured on a 30/10-km 
two-way interactive nested grid.  Four simulations are carried out consisting of Sep-
tember to November experiments for two contrasting years of 1988 and 1998. The 
influence of an EFT change applied in 1988 and in 1998 on the surface heat flux s, 2-
m temperature and humidity, 10-m winds, convective instabilities and large-scale 
moisture fluxes and precipitation are explored for 1988 (a dry year) and 1998 (a wet 
year).   
 
Results show that the response of surface and atmospheric climate to the given same 
EFT changes is larger in a dry year for 2-m temperature and 10-m wind, while is lar-
ger in a wet year for 2-m water vapor mixing ratio, convective available potential en-
ergy, vertically-integrated moisture fluxes and surface precipitation.  This indicates 
that the impact of land-cover and land-use changes on the climate of the LPB is de-
pendent not only on the wetness of the year, but also on the meteorological or climate 
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variables.   
 
Comparisons with observations show that the simulated precipitation difference in-
duced by EFT changes produces the overall pattern of observed precipitation changes 
over the LPB.  The results suggest that LULC changes over the LPB can partly ex-
plain and contributed the increasing trend of observed precipitation.  In the case of the 
2-m temperature, the simulated difference due to EFT changes is similar to the ob-
served change in the eastern part and the southern part of the basin (especially in Uru-
guay), where the strongest EFT changes occurred. 
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Appendix A. Use of a Mixed-Physics Ensemble for Regional 




In general, ensemble methods are more useful in short-range limit d-area and me-
dium-range (or longer-term) global simulations and predictions, compared with a sin-
gle realization using a single model.  A mixed physics ensemble (MPE) is one of the 
approaches for constructing regional climate model ensembles.  The ten simulations 
shown in Chapter 3 can be utilized as a MPE over South America (see Table 3.1).  In 
this Appendix, I intended (1) to estimate the variability of simulation performance 
resulted from use of different model physics combinations, and (2) to evaluate the 




I made two kinds of MPEs using different model parameterization schemes in the 
WRF limited area model.  The first type is an all-physics MPE where different surface 
layer, boundary layer, cumulus, and microphysics schemes were used (EXP1 to 10 in 
Table 3.1).  The second type is a cumulus-physics MPE which is composed of only 
four different cumulus parameterizations (EXP3, 4, 7 and 8 in Table 3.1).  Interest 
model variables are precipitation and 2-m temperature, and the MPE simulations were 
conducted with a single model domain covering South America for the period of Sep-
tember 2002, an austral spring season. 
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A.3 Results and discussion 
 
Figure A.1b represents the ensemble-mean field of precipitation, while Fig. A.1c ex-
hibits the field of ensemble standard deviation.  At each grid-point, the average of the 
ensembles is calculated, and the standard deviation of the ensemble members around 
this average.  In general, the ensemble mean field shows a good agreement with satel-
lite observation in terms of precipitation location (Figs. A.1a,b).  Figure 1b shows that 
the locations of the main precipitation signal were captured very w ll by the ensemble 
mean in the model domain.  Those include northwestern region, southeastern LPB, 
South Atlantic Convergence Zone, east and west seas of Southern South America.  
However, the intensity of the precipitation was underestimated in most regions, which 
include the central Brazil and a part of the ITCZ on the east of the South America 
continent.  Such underestimation is a common deficit that most of model simulations 
have shown in this region until now, as mentioned in Chapter 3.  On the other hand, 
the precipitation intensity was overestimated especially along the Andes mountain 
range. 
 
The ensemble spread in Fig. A.1c measures the differences between the members in 
the ensemble simulation.  Small spread indicates low simulation uncertainty, and large 
spread high simulation uncertainty.  Figure A.1c shows that simulation uncertainties 
in LPB region were quite low compared with lower latitude regions, where atmos-
pheric predictability was low.  Within LPB, area of large uncertainties was located in 
southeastern area where the maximum precipitation in LPB occurred.  These standard 
deviations indicate that the precipitation over eastern South Pacific Ocean is simu-
lated quite consistently among the ensemble members (ensemble standard deviations 
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less than 1 mm day-1), and the precipitation in the ITCZ and northwestern South 
America, where large gradients are simulated, are somewhat less certain (ensemble 
standard deviations greater than 3 mm day-1).  The bias (the difference of mean daily-
precipitation and observed precipitation) indicates that the maximum deficiency of 
mean daily-precipitation occurs near the south eastern LPB where broadleaf evergreen 




                       





Figure A.1: Spatial distribu-
tion of daily precipitation (mm 
day-1) in South America. (a) 
Satellite estimates. (b) Ensem-
ble mean. (c) Ensemble spread 




Figure A.2 shows that precipitation simulation performance is very s nsitive to the 
choice of model physics in the WRF.  The ensemble spread obtained by using differ-
ent moist physics schemes had as large magnitude as the spread obtained by using 
completely different models, i.e., multi-model ensembles (MMEs).  This supports the 
possibility that a mixed-physics ensemble approach could be considered as a proxy 
for a MME (Arritt et al. 2004).  The convective and grid-scale prcipitation were 
similar in terms of accumulated rainfall amounts, and this indicates that importance of 
both large-scale flow and local forcing are important for precipitation in this region.  
 
Both EXP 1 and 2 exhibit different behaviors from the other eight members in accu-
mulated non-convective precipitation (Fig. A.2b).  This implies that WSM3 micro-
physics should be avoided for numerical simulation of grid-scale precipitation in this 
region.  On the other hand, EXP 2, 5, 6, 7, and 8 can be put together, in accumulated 
convective precipitation (Fig. A.2c), as the first group, and the other five members as 
the second group.  Because all of the second group members use the BMJ scheme for 
a cumulus parameterization, this shows the best performance of the BMJ scheme for 
numerical simulation of convective-scale precipitation in this region.  
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Figure A.3 contains information on the simulated amount of total accumulated pre-
cipitation in South America according to the choice of model physics.  It i  clear that 
all model simulations produced smaller precipitation than observed.  Use of the 
NOAH LSM (a thermal diffusion scheme) decreased (increased) pr cipitation amount 
(EXP3 and 8).  The MOJ-MYJ surface and boundary layer scheme increased precipi-
tation amount compared to the MO-YSU scheme (EXP 5 and 10; EXP 6 and 7).  The 
BMJ cumulus scheme was superior to the GD scheme, which was better than the KF 
scheme (EXP 1 and 2; EXP 4, 7 and 8).  The WSM6 microphysics scheme increased 
precipitation amount compared to the WSM3, WSM5 and Ferrier schemes (EXP 1 
 
Figure A.2: Time series of (a) 
total, (b) grid-scale, (c) convec-
tive accumulated precipitation 
(mm) over high precipitation re-








and 5; EXP 4, 9 and 10).  Results show very high sensitivity to the choice of cumulus 
scheme (EXP 4, 7 and 8) and small sensitivity to microphysics.   Also, Figure A.3 
shows that the cumulus-physics ensemble outperformed the all-physics en emble by 
increasing accumulated precipitation in LPB with model integration time.  This sug-
gests that the mixed-physics ensemble using different cumulus conve tion schemes is 





Figure A.3: Same as Fig. A.2 except for comparison of all-physics ensemble ean 
(long dashed black line) and cumulus-physics ensemble mean (dotted black line).  
Gray lines with open circles denote observed precipitation.  
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Figure A.4 shows that the central South America region including northern LPB re-
gion has much uncertainty in 2-m air temperature simulation.  This means that region 
has the largest difference among the ensemble members.  Also, comparison of ensem-
ble spread distribution for 2-m air temperature (Fig. A.4b) with preci itation (Fig. 
A.1c) shows that there is difference in locations of maximum uncertainties between 
those two variables.  In other words, the maximum uncertainty areasw re not collo-




Figure A.4: Spatial distribu-
tion of (a) observation, (b) en-
semble mean and (c) ensemble 







A mixed physics ensemble was setup using 10 different physical par meterizations 
listed in Table 3.1, and applied to ensemble simulations of spring 2002 over S uth
America.  First, compared with the observed precipitation for September 2002, en-
semble mean precipitation captures well the occurrence of heavy precipitation in the 
LPB, but the spatial coverage of precipitation is small with a lower maximum value.  
Despite excessive precipitation along the Andes mountain range, the overall skill of 
ensemble mean was satisfactory.  The MPE comprised of only cumulus schemes 
showed better skill than the one composed of all the 10 schemes.  Second, simulation 
uncertainties in LPB region were quite low compared with lower latitude regions, and 
an area of large uncertainties within the LPB was located in southeastern area where 
broadleaf evergreen forest is located.  Third, the region of the larg st ensemble spread 
showed distinct differences between precipitation and 2-m temperatur  variables, and 




Appendix B. Statistical Significance for Results in Chapter 4 
 
In order to test the equality of the two ensemble means, a hypothesis testing was con-
ducted.  It is noted that two-tailed tests are more stringent tha one-tailed tests (e.g., 
Figs. 16-18 in Pielke et al. 2001).  In Chapter 4, a two-tailed t-tests atistic for the dif-
ference of CNTL and CROP was calculated using the following formulae:  
 




where n1 = n2 = 4 = the number of the ensemble members;  
n = n1 + n2 - 1 = 7 = the degree of freedom (t-distribution Table A3 in Wilks (2006));  
Ci = 3-month averaged field of an ensemble member with current land-cover data; 
Fi = 3-month averaged field of an ensemble member with future land-cover data; 
M = the ensemble mean (M1 = (∑Ci) / n1 and M2 = (∑Fi) / n2 for i=1, 2, 3, 4); and 
S = the ensemble standard deviation (S1 = √[{∑(Ci-M1)
2} / n1] and 
S2 = √[{∑(Fi-M2)
2} / n2] for i=1, 2, 3, 4).  
 
It is assumed that the ensemble members are independent on each other and not paired.  
The null hypothesis is that there is no statistically significant difference between 
CNTL and CROP.  
 
Figure B.1 shows the results of a t-test for the 3-month averaged 2-m temperature (Fig. 
4.8b), 10-m wind (Fig. 4.9d) and surface precipitation (Fig. 4.14d).  Shaded are the 
grid cells that are statistically significant at a chosen level.  Figure B.1a shows that the 
comparatively strong cooling in the northern LPB is a statistically significant signal at 
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the 99% level of confidence.  This means that if 100 tests are conducted, the true 
mean accuracy of the system will be located within the confide ce interval band in at 
least 99 out of the 100 tests.  The relatively weak warming the southern LPB is almost 
not statically significant at the same level.  These results imply that the human land-
cover modification in the LPB can counteract with the global warming e vironment.  
In particular, the Region II and the southern Paraguay, where evergreen broadleaf for-
est is assumed to be converted to dry cropland and pasture, would be very r sistant to 
the global warming trend.  On the other hand, Fig. B.1b shows that the 10-m wind re-
duction over the three land cover conversion regions is also a statistically significant 
signal.  The null hypothesis is rejected at the 1% level of significance over all the 
land-cover conversion regions, i.e. Region I, II and III. 
 
Figure B.1c show that the reduced (increased) precipitation in the orthern (southern) 
LPB is supported by statistical significance.  However, the statistic l significance is 
somewhat low compared with 2-m temperature and 10-m wind.  This can be ttrib-
uted to the fact that, in general, precipitation does not necessarily follow Gaussian 
probability distributions.  Nevertheless, statistical significance of the change in sur-
face precipitation due to land cover conversion is over 90%, which seems to be quite 
acceptable level.  While the impact of the land cover change in the LPB on the near-
surface temperature is mainly limited within the LPB, the impact of the land cover 
change in the LPB on the precipitation is not restricted in the interior LPB, and is far 
beyond the basin.  The large statistical significance exists not only over the South At-









Figure B.1: Statistical significance for difference between the two ensemble means, 
CNTL and CROP, of (a) 2-m temperature (°C), (b) 10-m wind speed (m s-1), (c) con-
vective precipitation (0.1 mm), (d) total precipitation (0.1 mm), and (e) total precipita-
tion (0.1 mm) in a larger domain.  Shaded are the grid cells that are significant at 90, 










Figures B.2 and B.3 show time series of all ensemble members and differences be-
tween the two ensemble averages for simulated 2-m temperature (°C) and accumu-





Figure B.2: Time series of 2-m temperature (°C) for (a) each ensemble ember over 
area (58°W-50°W, 27°S-24°S) and (b) difference (CROP – CNTL) in between en-
semble averages.  




Figure B.3: Time series of accumulated precipitation (mm) for (a) each ensemble 
member over area (57°W-50°W, 35°S-30°S) and (b) difference (CROP – CNTL) in 
between ensemble averages.  
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